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Catalytic performance and changes of sulfated zirconia catalysts were studied simultaneously during alkane isomerization in a fixed 
bed flow reactor with an optical window for in situ UV–vis-near-IR diffuse reflectance spectroscopy. The reactions of  n-butane (5 
kPa) at 358 and 378 K and of n-pentane (0.25-0.50 kPa) at 298 and 308 K passed within 5 h or less through an induction period, a 
conversion maximum, and a period of deactivation. At higher n-butane reaction temperature (423 and 523 K) and at higher n-
pentane partial pressure (1.0 kPa) a period of deactivation was observed. UV–vis spectra indicate the formation of unsaturated 
surface deposits over sulfated zirconia; the band positions at 310 nm (n-butane reaction) and 330 nm (n-pentane) are within the 
range of monoenic allylic cations. More highly conjugated allylic cations (bands at 370 and 430 nm) became evident during n-butane 
reaction at 523 K. In the case of reaction of n-pentane over iron promoted sulfated zirconia, reduction of iron was observed; the 
band in the ligand to metal charge transfer region decreased and a band in the range 720-755 nm appeared. Allylic cations could 
only be observed at low iron content (0.05%). The chronology of events suggests that the surface deposits are (i) a result only of the 
bimolecular and not the monomolecular reaction mechanism, and (ii) are formed in a competitive reaction to the alkane products.  
At least two types of sites are present in sulfated zirconia catalysts, the majority of sites (more stable) characterized by qdiff. ~ 55 kJ 
mol-1 found to be responsible for the monomolecular mechanism and the minority of sites (less stable) characterized by qdiff. ~ 40-
105 kJ mol-1 found to be responsible for the bimolecular mechanism. 
The function of iron is to facilitate the bimolecular mechanism through (i) dehydrogenation of the reactant and (ii) increasing the 




1.1. Skeletal Isomerization of n-alkanes 
 
Skeletal isomerizations of n-alkanes are of industrial importance because the branched alkanes are useful as clean fuels. Al-
kylation of isobutane, which comes mainly from n-butane isomerization, with propene or butenes is an important reaction in the 
production of gasoline alkylates. Isobutane can also be converted to isobutylene for use in methyl tert-butyl ether (MTBE) syn-
thesis. The isomerization of n-butane has thus attracted much attention in spite of being the slowest reaction among all the skele-
tal isomerization reaction of n-alkanes. 
n-Butane isomerization reaction is thermodynamically limited. It was found that ∆H = -7 kJ mol-1, ∆S = -15 J mol-1 K-1, and 
∆G = -2.3 kJ mol-1.  
Industrial processes for the isomerization of n-alkanes have been carried out using Pt/chlorinated-Al2O3 catalyst, which re-
quire the continuous addition of toxic and corrosive Cl2 additives to restore chloride species that leach slowly during the reaction. 
Liquid superacids, which have been made by mixing a fluorine containing Brönsted acid (HF, HSO3F, CF3SO3H, etc) and fluori-
nated Lewis acid (BF3, SbF5, TaF5, etc), have been also used. Unfortunately, these superacids are unsuitable as industrial cata-
lysts because they are corrosive, hazardous, and lacking in stability, undergoing decomposition and redox reactions readily in the 
presence of hydrocarbons. A great progress in research has been made in developing highly active and selective solid acids, and 
many reviews have been written in this area[1,2,3]. 
  
1.2. Reaction mechanism 
Since the early reports by Nenitzescu on the isomerization mechanism of n-alkanes on wet aluminum chloride in 1933[4], all 
studies have led to a general agreement on the carbocation intermediates in acid-catalysed hydrocarbon conversion. Formation of 
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Note: Carbenium ions are called carbonium ions in old literature; alkanium ions still often called carbonium ions5.  
Carbocations 
C-alkanium ion H-alkanium ion alkylcarbenium ion 
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Figure 1.1: Representation of types of carbocations 
 
It is known that these three types of carbocations can be generated via different routes: 
a) Hydride abstraction by Lewis acid sites to form alkylcarbenium ion. 
b) Oxidation of the C-H bond by a strong oxidant to form alkylcarbenium ion. 
c) Protonation of C–H bond by proton of Brönsted acid to form H-alkanium ion. 
d) Protonation of C–C bond by proton of Brönsted acid to form C-alkanium ion. 
Carbeniums ion can be also generated by protolysis of C-H or C-C (protonation, alkanium ion formation, bond scission). 
The stability of carbenium ions depends on the inductive effect of the substituents of the positively charged C-atom. The 
stability of carbenium ions decreases in the order: tertiary carbenium ion > secondary carbenium ion > primary carbenium ion > 
methyl carbenium ions. 
D. M. Brouwer[6] summarized the isomerization of alkanes in liquid super acids into two elementary steps a) hydride trans-
fer, involving simultaneous conversion of starting alkanes into carbenium ions and of product carbenium ions into product al-
kanes, and b) rearrangement of the intermediate carbenium ion. 
In the case of solid acids, especially for sulfated zircoina and promoted sulfated zirconia (the most active solid catalysts), 
different arguments for n-butane and/or n-pentane isomerization mechanism were discussed in the literature. In general two 
pathways of n-alkane to iso-alkane conversion are considered. In the first pathway the formation of iso-alkane from n-alkane 
proceeds by a monomolecular mechanism, i.e., isomerization of the intermediate carbenium ion. In the second pathway the al-
kane conversion occurs by way of a bimolecular mechanism; i.e., reaction of a carbenium ion with an alkene (alkenes are pre-
sent as impurities in the n-alkane feed or they can be formed during reaction[7]) to produce a C8-carbenium ion (for n-butane) or a 
C10-carbenium ion (for n-pentane), followed by β-scission and hydride shift leading to the iso-alkane product. 
The two mechanisms were postulated depending on some direct and indirect evidences by using 13C-labeled n-butane and 
analysis of the isotope distribution in the products[8-9,10,11]. 
 
1.3. Zirconia based catalysts 
 
1.3.1. Sulfated zirconia 
Zirconia, when modified with anions, such as sulfate ions, forms a highly acidic or, as sometimes claimed, a superacidic 
catalyst that exhibits superior catalytic activity to catalyze many reactions. It has been widely used to catalyze reactions such as 
hydrocarbon isomerization, methanol conversion to hydrocarbons, alkylation, acylation, esterification, etherification, condensa-
tion, nitration, cyclization, etc. One of the important roles of the sulfate ions on zirconia is the stabilization of the tetragonal 
phase during the calcination process of sulfated zirconium hydroxide, and the growth of the monoclinic phase is strongly inhibit-
ed[12,13]. 
In 1962, Holm and Bailey[15] first reported the strong acidity and catalytic properties of zirconia gel modified by sulfate 
groups and Pt crystallites. But, this type of material did not attract much attention until about 20 years later, when Arata and co-
workers[15,16] reported that zirconia modified with sulfuric acid or ammonium sulfate was able to isomerize n-butane at 373 K 
reaction temperature. Several parameters such as sulfur content, total surface area, calcination temperature, water content, ratio of 
Lewis-to-Brønsted acid sites, and presence of promoters should be adjusted in sulfated zirconia catalysts to increase the overall 
activity and selectivity towards isomerization. Thus, sulfated zirconia (SZ) and modified SZ form an important class of cata-
lysts[17]. 
1.3.2. Promoted sulfated zirconia 
Sulfated zirconia catalysts promoted with various transition metals (e.g., W, Pt, Ni, and Fe) have been found to be effective 
for isomerization at low temperature. These promoters lead to a significant enhancement for the isomerization of n-butane at low 
temperatures, e.g., 300 – 423 K. Sulfated zirconia promoted by iron and manganese was found to be more active by two to three 
orders of magnitude than the non-promoted form in n-butane isomerization[18,19]. Holm and Bailey[14] reported that sulfated-
treated zirconia-gel catalysts with or without Pt or Pd promoters were active for paraffin (alkane) isomerization.  
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In recent years, several researchers suggested that the role of Fe and Mn promoters is to facilitate one reaction path by en-
hancing the formation of the unsaturated intermediates (butene or carbenium ions) rather than the generation of stronger acid 
sites. 
1.3.3. Deactivation 
Sulfated zirconia and promoted sulfated zirconia have suitable properties to activate and isomerize alkanes at low tempera-
ture, but unfortunately, these catalysts suffer from rapid deactivation[20]. Several suggestions have been made in order to explain 
the deactivation process, among them: 1- Formation of hydrocarbon surface deposits (“coke”)[20-21,22,23,24,25,26,27,28,29] 2- Surface 
reduction (Zr4+ → Zr3+) by the reacting hydrocarbon[22]. 3- Reduction of the surface sulfate groups and H2S formation[23]. 4- 
Change in the surface phase of zirconia from tetragonal to monoclinic[30]. 5- Surface poisoning by water[25]. 6- Changes in surface 
acidity[31,32]. Evidence for these hypotheses mainly arises from investigations of the fully or partially deactivated catalyst[20-
21,22,25-26,27,28,29,30]. A true in situ experiment, i.e. a continuous monitoring of the catalyst surface during the reaction and a correla-
tion of surface properties with the actual catalyst activity are lacking. 
 
1.3.4. UV-Vis-near-IR spectroscopy 
Many hypotheses in understanding sulfated zirconia systems and n-alkane isomerization reactions mainly arise from em-
ploying different physical techniques. Scheithauer et. al.[33] investigated the structure of promoted sulfated zirconia with various 
spectroscopic methods such as XPS, ESR, UV-vis, and Raman characterizations. Moreno and Poncelet[34] investigated n-butane 
isomerization over transition metal-promoted sulfated zirconia catalysts by XRD, TDS, TGA, TPD, DRIFT, Raman and XPS 
spectroscopy. Most of the information that can be obtained from these different techniques is not fully reliable because of the gap 
between the actual reaction conditions (reaction conditions, reaction cell, and gas atmosphere) and the conditions under which the 
physical techniques are performed. 
Diffuse reflectance spectroscopy in the ultraviolet and visible region is a suitable technique for studying electronic transi-
tions (d-d, charge transfer transitions) of heterogeneous catalysts[35-36,37,38,39,40]. Additionally, the technique is potentially very 
sensitive for the detection of adsorbed reaction intermediates or side products, depending on the chromophores present in these 
species. Performance of UV-vis-near-IR diffuse reflectance in an in situ form (measurement can be taken at any temperature and 
atmosphere) and on line GC analysis simultaneously, could be the key in understanding the n-alkane isomerization pathways and 
the catalyst itself. 
 
1.4. Aims and work strategy 
In spite of the impressive amount of work produced on the skeletal isomerization reactions on sulfated zirconia systems, 
some basic aspects of the catalytic activity and surface properties of these systems are not fully understood yet. Some of these 
aspects for example are: nature of reaction intermediates, full description of reaction mechanism, main reason of catalyst deacti-
vation, and nature of active sites. 
In the present work we will show for the first time the power of in situ UV-vis-near-IR spectroscopy in the investigation of 
n-butane and n-pentane isomerization reactions over sulfated zirconia systems. We believe that monitoring the catalyst during the 
reaction by employing UV-vis-near-IR spectroscopy simultaneously with studying the reaction products distribution vs time on 
stream will help us to follow the reaction step by step.   More information about electronic transitions (d-d, charge transfer transi-
tions) and/or adsorbed reaction intermediates could be an additional tool to know some more about our catalysts and reaction. 
Besides the spectroscopic technique, microcalorimetry was used in order to study the bonding strength between the adsor-
bate (alkane) and the catalyst surface. The strength of chemisorption can affect the activation energy of the surface reaction and 
also the surface concentration of the reactants. In addition, it should be noticed that the values of heat of adsorption can indicate 
not only the strength of interaction but, more specifically, with the right probe molecules the properties of the solid surface such 
as the acidity and basicity can be evaluated. 
n-Pentane isomerization was studied as alternative reactant because it is possible to distinguish between the monomolecular 
and the bimolecular pathway. It was found for n-pentane isomerization that the isopentane and isobutane production rates reach 
their maxima at different times on stream[41]. Using n-pentane as a reactant thus offers the opportunity to reveal if the adsorbed 
reaction intermediates or side products are solely connected to one or the other pathway. 
Iron promoted sulfated zirconia was studied in our research as a representative example of the promoted sulfated zirconia 
catalyst. It is known that sulfated zirconia promoted with iron and manganese is very active for n-butane isomerization at low 
temperature[42]. Jatia et al.[43] verified that the addition of either iron or manganese to sulfated zirconia increases the catalytic 
activity, but the maganese impregnated sample shows an order of magnitude lower activity than the iron impregnated material. In 
our study iron was chosen as a single promoter in order to avoid the complexity which comes from the interaction between two 
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different metals as in the case of iron manganese-promoted sulfated zirconia. Iron-promoted sulfated zirconia and iron-promoted 
zirconia were studied to comprehend the role of promoters in the isomerization reaction. 
Interaction of n-butane and n-pentane with sulfate-containing ordered mesoporous zirconia was investigated by in situ UV-
vis spectroscopy. The aim of this part of work is to find out the importance of crystallized bulk on the isomerization activity be-
cause it is believed that the tetragonal crystalline ZrO2 bulk of sulfated zirconia catalyst plays an important role in the isomeriza-
tion reaction[44]. Sulfate-containing ordered mesoporous zirconia of MCM-41 structure[45] can be considered as sulfated zirconia 
catalyst without the typical tetragonal ZrO2 bulk of conventional sulfated zirconia catalysts. 
This work is a trail to go deeper in understanding the isomerization mechanism over sulfated zirconia materials and the 
catalyst itself. 
 
This work is structured as follows: 
1) The main technique that has been employed in this work, in situ UV-vis-near-IR diffuse reflectance spectroscopy, is in-
troduced and discussed in chapter 2. 
2) Catalyst preparation and characterization are shown in chapter 3 
3) Results and discussion of the investigation of n-butane and n-pentane isomerization on sulfated zirconia (SZ) catalyst by 
in situ UV-vis spectroscopy are shown in chapter 4. 
4) Activation of alkanes with iron-promoted zirconia (Fe-Z) or iron-promoted sulfated zirconia (Fe-SZ) was monitored by in 
situ UV-vis-near-IR diffuse reflectance spectroscopy. The role of iron as promoter is discussed in chapter 5. 
5) Reaction of n-butane and n-pentane over mesoporous sulfated zirconia, and a comparison with a conventional sulfated 
zirconia are discussed in chapter 6. 
6) Interaction of alkanes with promoted and unpromoted SZ was studied by using microcalorimetry. Results are discussed in 
chapter 7. 
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2. In situ UV-vis-near-IR diffuse reflectance spectroscopy 
2.1. Theory 
 
Application of optical spectroscopy on zirconia-based catalysts is useful to understand more and more about their chemical 
properties which are based on electronic transitions. Additionally, the technique is potentially very sensitive for the detection of 
adsorbed reaction intermediates or side products, depending on the chromophores present in the according species. Before ex-
plaining our UV-vis-near-IR diffuse reflectance spectroscopy apparatus, it is necessary to explain the principle of all electronic 
transitions which can be monitored by UV-vis and the meaning of diffuse reflectance spectroscopy.  
2.1.1. Types of transitions 
Ultraviolet and visible spectroscopy is a suitable technique for studying electronic transitions. The absorption of UV or 
visible radiation corresponds to the excitation of outer electrons. There are three types of electronic transitions; 
Transitions involving π, σ, and n electrons. 













Scheme 2.1: Possible electronic transitions of π, σ, and n electrons. 





n → σ* 











• Most absorption spectroscopy of organic compounds is based on n → π* or π → π* electronic transitions. This is because the 
absorption peaks for these transitions fall in an experimentally convenient region of the spectrum (200 – 700 nm). These transi-
tions need an unsaturated group in the molecule to provide the π electrons. On the other hand, σ → σ* transitions require a 
large energy with absorption maxima that are not seen in typical UV-vis spectra. n → σ* transitions usually need less energy 
than σ → σ*. The number of organic functional groups with n → σ* peaks (150 –250 nm) in the UV region is small. 
• Transitions involving charge-transfer of electrons. 
Many inorganic species show charge-transfer. For a complex to demonstrate charge-transfer behavior, one of its components 
must have electron donating properties and another component must be able to accept electrons. Electronic transition in this case 
is a transfer of an electron from the donor to an orbital associated with the acceptor. Three types of charge-transfer are known; a) 
Ligand to metal charge-transfer (LMCT). b) Metal to ligand charge-transfer (MLCT). c) Metal to metal charge-transfer (MMCT). 
The first two types can be detected in the range 200 – 400 nm, the last one in the range 400 –800 nm. 
• Transitions involving d and f electrons. 
The transition metal ions are characterized by a configuration 3dn or 4dn or 5dn. The d-d transitions give information on oxidation 
states and symmetry of the transition metal ions. These transitions are found in the UV range and more often in the visible part of 
the spectrum, and are responsible for the colors of many transition complexes. 
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2.1.2. Diffuse reflectance spectroscopy 
Diffuse reflectance spectroscopy (DR spectroscopy) is commonly used for powder samples from which light is reflected 
and not transmitted. The radiation reflected from a powdered surface consists of two components: the specular component that is 
reflected from the surface without transmission and the diffuse component that is absorbed into the material and reappears at the 
surface after multiple scattering. The Schuster-Kubelka-Munk (S-K-M) or Kubelka-Munk (K-M) model is widely accepted and 
allows quantitative measurements of the absorption spectrum of a solid sample from diffuse reflectance measurements.  
 
 
                                 =                         =                                                            (1) 





− R∞ is the diffuse reflection of an infinitely thick layer, K (λ) is the apparent absorption coefficient, and S the apparent scatter-
ing coefficient[1,2]. 
− Eq. (1) is valid under the following conditions: 
− Diffuse monochromatic irradiation of the powdered sample. 
− Isotropic light scattering. 
− An infinite layer thickness, the infinite thickness is generally obtained with a layer depth of 1-2 mm (strongly scattering 
powders, such as silicas, may require up to 5 mm)[3]. 
− A low concentration of absorbing species. 
− A uniform distribution of absorbing species. 
− Absence of fluorescence. 
In diffuse reflectance measurements, an integrating sphere coated with a highly reflecting layer (BaSO4) is placed directly 
to the sample to collect the remitted light by the sample and the reference. The sphere (or hemisphere) shows a high diffuse re-
flectance and increases the percentage of diffused light that reaches the detector (30 to 50%). In the case of highly reflective 
samples, however, dilution with an indifferent, non-absorbing solid standard is necessary (e.g. SiO2).  
DR-UV-vis-near-IR spectroscopy is able to provide information about catalyst compositions, degree of catalyst reduction[4-
5,6,7,8,9,] , and adsorbed species[10,11]. Most of UV-Vis-near-IR spectra in diffuse reflectance in catalyst researches were taken at 
room temperature, although the reactions were carried out at relatively high temperature. For example deactivated sulfated zirco-
nia was characterized by DR-UV-vis spectroscopy at room temperature, while the reaction was carried out at 473 K[10]. Therefore 
UV-vis-near-IR spectroscopy can be a more useful method in catalyst research, if one follows certain chemical reactions in situ. 
In order to perform in situ DR-UV-vis-near-IR spectroscopy a suitable microreactor should be connected with three parts: 
(i) Feed delivery system with mass flow controllers, gas lines, and valves to supply the microreactor with the gases that are 
needed in the activation process and in the reaction (ii) Gas phase products analysis with a gas chromatograph to analyze the 
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A flow chart for the feed delivery system, microreactor, spectrometer, and gas chromatography is presented in Scheme 2.3.  
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2.2.1. Feed delivery system 
To perform n-alkane isomerization reactions He, O2, and n-alkane gases were used. All gases were controlled by mass flow 
controllers (HI-TEC-series F100/200, Fa. Bronckhorst) in order to adjust the amount of gas masses which should be introduced 
to the feed. Back-pressure valves (Parker) were connected between the mass flow controllers and the gas mixers to prevent any 
back flow of the gas mixture. The gas mixture passes through a 4-way valve to the microreactor and then to the gas chromato-
graph. Bypass measurements can be taken by using the second 4-way valve. 
2.2.2. UV-vis-near-IR spectrometer and microreactor 
The equipment, viz. a modified Perkin–Elmer Lambda 9 spectrometer is equipped with an integrating sphere and a microre-
actor cell (in-house design). The setup was developed previously in the department by M. Thiede and J. Melsheimer. The key 
features are described in detail in reference[12]. The horizontally mounted microreactor consists of an inner tube (ID: 15 mm, OD: 
20 mm) with a circular frit (2.8 mm) from the end to accommodate the powder bed. The volume of the bed is thus fixed; it holds 
about 1.2 g of the SZ catalyst. The inner tube is enclosed by an outer tube (ID: 21 mm, OD: 25 mm) whose circular optical quartz 
window (Suprasil®, Heraeus) holds the powder bed in place. The reactor is placed in a tubular oven with the reactor window at a 
distance of 12 mm from the integrating sphere; this distance is bridged by a ceramic tube of high reflectivity and low thermal 
conductivity (MACOR®, Kager). The temperature is measured with a thermocouple at the catalyst-free side of the frit, i.e. up-
stream from the bed and towards the center of the oven. 
All spectroscopic measurements were carried out sequentially in the range of 250-860 nm or 250-2300 nm with a scan 
speed of 240 nm/min, a slit width of 5.0 nm and a response time of 0.5 s. Spectralon® was used as the white standard in the ref-












Figure 2.1: Integrating sphere, microreactor, and oven 
 
Distance between integrating sphere and hot microreactor 
 
It was not possible to attach the microreactor directly to the integrating sphere because the temperature of the integrating 
sphere and the detectors would be too high. Also it was not possible to place the microreactor at a distance from the integrating 
sphere because the measurement signal becomes weaker.  In order to compromise between (i) avoiding the heating of integrating 
sphere and (ii) obtaining a strong signal, a highly reflecting ceramic (ca. 12 mm) was placed between the reactor and the integrat-
ing sphere. A schematic representation of the integrating sphere and the relation between sample distance and reflectance effi-
ciency are shown in Figure 2.2[12]. 
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Figure 2.2: (a) position of the catalyst sample on  
                 the  integration sphere, (b) influence 
                 of the sample distance on reflectance 
                 and  (c)  integration  sphere,  ceramic 
                 and sample[12]  
 
Influence of the IR radiation of the microreactor on the IR detector 
 
The original PbS detector of the lambda 9 spectrometer is highly sensitive to slight temperature changes. Thermal radiation 
caused by the reactor has an influence on the detector resistance, for example at 673 K reactor temperature, the detector resis-
tance drops from 100 to 70 %. This leads to a strong and noisy background signal. Therefore, the PbS detector was replaced by a 
thermoelectrically cooled and temperature-stabilized one. The new detector showed a constant reflectance at high reactor tem-
perature in the visible region and a slight increase in the reflectance at a reactor temperature higher than 723 K in the near-IR 
region.   
 
Sample dilution 
Dilution of the catalyst, which is often used in reflectance spectroscopy, was not applied in our experiments because in us-
ing UV-Vis-near-IR reflectance spectroscopy in the investigations of catalysts, it is necessary to determine the spectral character-
istics (band positions, shoulders, inflection points) as precisely as possible. Additionally, a thorough study has shown that 




Any spectra taken after contact with the reactants will represent absorptions arising from (i) changes to the sample and from 
(ii) surface deposits. If surface deposits are chemisorbed changes will be inflicted to the surface structure but they may not be 
detectable by UV–vis spectroscopy. If the sample does not change during the reaction, the system could be regarded as the sim-
ple case of an organic material adsorbed on the surface of a diluent (=sample). Such systems have been analyzed and discussed 
by Kortüm[14]. As long as the organic material is in a molecular-disperse state and its concentration is low with a molar fraction 
of 10-3 or less, the Kubelka-Munk function is proportional to the concentration. Absorption of the diluent can be eliminated by 
making two measurements, one of the diluent vs. a white standard (sample vs. Spectralon®) and one of the mixture of diluent plus 
organic material vs. the white standard (sample + organic material vs. Spectralon®), and then calculating the difference. How-
ever, Kortüm’s discussions refer to strongly absorbing organic material adsorbed on a weakly absorbing diluent. Application of 
the Kubelka-Munk function is usually limited to systems with diluted absorption sites, which e.g. is not the case for the band gap 
transition. 
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Assuming no changes to the catalyst, band positions can be determined in three ways: (1) position from original spectrum in 
reflectance or Kubelka-Munk units, (2) difference of reflectance spectra, (3) difference of Kubelka-Munk representations. A dis-
crepancy in the position depending on the method of analysis may result for bands that overlap with strong absorption by the 
catalyst. In the comparison of and with literature data this effect has to be accounted for. For our spectra analysis, the two types 
of data representation, in reflectance units or as Kubelka-Munk function, will be used according to necessity.   
2.2.3. Gas phase analysis 
Analysis of the gas phase products was performed by on-line gas chromatography (Varian 3800) using flame ionization de-
tection. With the selected temperature 
program, i.e. hold 5 min at 373 K, heat to 423 K at 20 K min-1, and hold for 7.5 min for n-butane reaction, a total run takes 
15 min; and hold 5 min at 373 K, heat to 478 K at 20 K min-1, and hold for 5 min for n-pentane reaction, a total run takes 15.25 
min. 
A PoraPLOT Q column (Chrompack) allowed the separation of all alkanes/alkenes and their respective isomers up to C6 in 
one run. The separation of alkanes and alkenes is shown in Figure 2.3 and 2.4, respectively. In order to calibrate the chromato-
graph, standard gas mixtures from C1-C6 + iso-C4 at 1000 vpm of individual component (N 18, Messer) and  C1-C5 + iso-C4 + 
iso-C5  of 2500 vpm (except 10000 vpm for C1) (N 31, Messer) were used.  
 
Figure 2.3: Separation of n-alkanes from C1 to C6 by gas chromatography 
 
n-Butane and n-Pentane Isomerization over Sulfated Zirconia Catalysts  Investigated by In Situ UV-vis-near-IR Diffuse Reflectance Spectroscopy, Rafat Ahmad, Berlin 2003   
 
 
Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 
13
 
Figure 2.4: Separation of alkenes and n-butane by gas chromatography 
 
n-Butane and n-Pentane were supplied by Linde, Class 1. The feed was either a 5.0 kPa n-butane in helium mixture, which 
contained 21 vpm isobutane as impurity; or a 0.25 kPa n-pentane in helium mixture, which contained 4 vpm isopentane and 2 
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3. Catalysts preparation and characterization. 
3.1. Sample preparation 
3.1.1.Promoted and unpromoted zirconia and sulfated zirconia. 
Zirconium hydroxide and sulfated zirconium hydroxide with 5-6 % SO3 (from MEL Chemicals XZO 682/1) were used as 
starting materials. These materials were dried at 383 K for 21 h. In order to produce zirconia and sulfated zirconia catalysts, the 
samples were calcined at 823 K. An aqueous solution of Fe(NO3)3.9H2O (Merck) was added to zirconium hydroxide or sulfated 
zirconium hydroxide under vigorous stirring, followed by room temperature drying (incipient wetness method) and calcination at 
923 K to give x iron-promoted zirconia or x iron-promoted sulfated zirconia (x = nominal promoter content after calcination in wt 
% metal) x = 1-5 wt % for iron-promoted zirconia and 0.01-2 wt % for iron-promoted sulfated zirconia.  
3.1.2. Ordered mesoporous sulfated zirconia 
Ordered mesoporous sulfated zirconia (omSZ) was prepared, characterized, and tested for isomerization reaction in our 
group. The results are published by Yang et al.[1]. Synthetic procedures were adapted from the ones published by Ciesla et al. 
using zirconium n-propoxide as the oxide precursor[2].
Briefly, hexadecyl-trimethyl-ammonium bromide (CTAB) was used as the template for the preparation of ZrO2/surfactant 
composites. CTAB was dissolved in a solution mixture of water and HCl. Zr(O-nPr)4 in 1-propanol solution was added to the 
CTAB solution. Afterward (NH4)2SO4 in water was added. The mixture was heated to 373 K for 3 days under autogeneous pres-
sure. Finally, the suspension was filtered, the solid products were washed with water, ethanol, and again with water, and dried at 
333 K overnight. 
 
3.1.3. Calcination 
For calcination of zirconia, sulfated zirconia, iron-promoted zirconia, and iron-promoted sulfated zirconia, 10 g of the pow-
der were loaded into a quartz boat, then the boat was placed in a 29 mm i.d. quartz in a tubular furnace (Heraeus RO 4/25) with 
PID control. The quartz tube was continously purged with 200 ml min-1 synthetic air and the oven was heated to 823 K for un-
promoted samples and to 923 K for promoted samples at a rate of 3 K min-1, held for 3 h at the mentioned temperatures and then 
cooled to room temperature at the same rate.  
For calcination of ordered mesoporous sulfated zirconia, the powders were loaded into a crucible, then the sample was 
heated in a muffle oven to 813 K at 1 K min-1 for 16 h.  
 
3.1.4. Catalysts names 
The following abbreviations will be used in the thesis. 




Iron-promoted sulfated zirconia 






Table 3.1: Abbreviation of catalyst names. 
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3.2. Characterization 
3.2.1. X-ray diffraction 
X-ray diffractograms were recorded between 2θ = 5 and 100° in steps of 0.03° using a STOE STADI-P-diffractometer, Cu 
Kα1 radiation (λ = 1.5406 Å), and a curved Ge monochromator. For omSZ samples the range of 2θ = 1 to 40° was scanned in 
steps of 0.02° (10 s per point).  
3.2.2. Nitrogen adsorption 
Full adsorption/desorption isotherms were recorded using a Quantachrome Autosorb-1 at 77 K with N2 as adsorbate. Sam-
ples were outgassed at 473 K for SZ and at 423 K for omSZ for 16 h in vacuum before the adsorption was started. 3-point BET 
measurements were carried out using a Quantachrome Jr. at 77 K with N2 as adsorbate. Samples were outgassed at 523 K for 2 h 
before the adsorption was started. 
3.2.3. Scanning electron microscopy and energy dispersive X-ray analysis 
Scanning electron microscopy and energy dispersive X-ray analysis (SEM-EDX) were performed on a Hitachi S-4000 Mi-
croscope equipped with a cold field emission gun and EDX system EDAX-DX4 (EDAX). SEM images and EDX spectra were 
recorded with acceleration voltages  at 10 kV for SZ and from 3 kV to 15 kV for omSZ. 
 
3.3. Results and discussion  
3.3.1. X-ray diffraction 
Zirconia exhibits three different crystalline polymorphs: monoclinic (M), stable at temperatures below 1373 K; tetragonal 
(T) stable at temperatures between 1373 and 2173 K; and cubic (C), stable above 2173 K[3]. Nevertheless, the T and C forms can 
be generated and maintained as metastable structures at much lower temperatures than those mentioned above[4]. 
Figure 3.1 shows XRD patterns of ZrO2 and SZ catalysts calcined at 823 K, and Fe-SZ and Fe-ZrO2 calcined at 923 K. 
ZrO2 consists of a mixture of monoclinic and tetragonal phases. 2% Fe-ZrO2 consists of a mixture of monoclinic and tetragonal 
phases while the ZrO2 phases of 5% Fe-ZrO2 are mainly tetragonal/cubic. Sulfated samples (SZ and Fe-SZ) consist of only 
tetragonal ZrO2. No peaks other than those of the zirconia phases, were observed in all the XRD patterns. No peaks of iron com-
pounds are detected in all promoted samples (1-5 wt.% in Fe-ZrO2 and 0.01-2 wt.% in Fe-SZ metal loading). However, Sriniva-
san et al.[5] reported the presence of small particles of Fe2O3 in the SZ catalyst containing 3 wt.% Fe after activation in air at 998 
K for 2 h. Tăbora and Davis[6] also reported that Fe atoms in FMSZ are in nanometer-sized oxide clusters or rafts located on the 
surface or at defects in tetragonal zirconia. 




























Figure 3.1: XRD patterns of ZrO2, 2% Fe-ZrO2, 5% Fe-ZrO2, 2% Fe-SZ and SZ  
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XRD analysis suggests that the presence of iron as well as of sulfate ions affects the crystal phase of zirconia to form the 
tetragonal metastable phase. Similar effects were observed in WO3-ZrO2 and MoO3-ZrO2 systems[7]. 
Figure 3.2 shows the X-ray diffractogram of the calcined sample of the ordered mesoporous sulfated zirconia. The sample 
exhibits only one XRD peak at d = 3.6 nm, consistent with an MCM-41 type structure. In the 2 θ range of 4 – 7°, where the 
higher indexed peaks should be present assuming hexagonal ordering, two weak diffraction peaks are observed. No peaks of the 
tetragonal or monoclinic zirconia phase appear at 2 θ around 30°, indicating that no bulk crystallites of zirconia phases were 
formed during calcination.  





















Figure 3.2: XRD pattern of the omSZ sample[1]. 
 
 
Some authors have postulated that the tetragonal phase is the active phase and it is necessary to obtain activity of sulfated 
zirconia in n-alkane isomerization[8]. However, recent literature[9,10] proposed that the crystal phase plays an important role with 
respect to the activity of sulfated zirconia in n-butane isomerization, but it is not as crucial as previously thought. More details 
about the relation between the catalyst crystal structure and its activity in the n-alkane isomerization will be discussed in chapter 
6.   
3.3.2. Nitrogen adsorption 
Adsorptive properties of the SZ and omSZ sample have been characterized by N2 adsorption/desorption at 77 K, results are 
shown in Figure 3.3. For the conventional SZ (Figure 3.3a) the isotherm is mostly of type II corresponding to fine particles. For 
the omSZ (Figure 3.3b) the isotherm is of type IV[11]; the major fraction of nitrogen was adsorbed at low pressure, i.e. P/P0 ≤ 0.2.   
 



















































Figure 3.3: N2 adsorption/desorption isotherm at 77 K of a) SZ and b) omSZ. 
 
Figure 3.4 a shows the BET plot of SZ, calculated from the selected points 0,1 < P/P0 < 0.3 in the isotherm in Figure 3.3 a. 
The BET specific surface area given by this plot is 75 m2 g-1. Figure 3.4b shows the pore diameter distribution for omSZ samples. 
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For the omSZ, a narrow range of pore diameters, from 2-3 nm, was found. The diameter range is typical for a mesoporous mate-
rial.  
 















































The BET surface areas are summarized in Table 3.2.  
Sample BET (m2/g) 
ZrO2 118 
SZ 75 
1% Fe-Z 100 
5% Fe-Z 99 
2% Fe-SZ 91 
omSZ 202 
Table 3.2: BET surface areas values 
3.3.3. Scanning electron microscopy and energy dispersive X-ray analysis 
SEM images of the calcined sample of SZ are depicted in Figure 3.5. Most of the sample consists of inhomogeneous aggre-
gate particles, which have a diameter of ca. 30 µm, but there were also some others with diameters throughout the range of 20 to 
10 µm. Each big particle contains a huge number of very small particles with about 1 µm and smaller diameters as shown in Fig-
ure 3.5.b. EDX analysis at various positions showed that the weight ratio of Zr : O is about 70 : 30 (theoretical weight ratio is 74: 
26). A slight increase in the O content in the small particles could be noted. Sulfur could not be detected on these samples be-
cause of the low sulfur concentration, it is around 1 wt% S. 
  
Figure 3.5: SEM images of the SZ sample a) an overview, b) an enlargement of the aggregates particles. 
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SEM images of the omSZ sample are depicted in Figure 3.6. An overview reveals that the sample consists of spherical par-
ticles, some aggregation of such spheres was also observed. The diameter of most of the spherical particles was ca. 2 µm, some 
other few particles were within the range of 1 to 5 µm. Plate-like aggregates were also found, though seldom, and it is believed 
that they are formed through intergrowth of the spheres. EDX analysis at various positions showed that sulfur species are quite 
homogeneously integrated in the particles, with an average of 5 wt% S throughout the sample. The fact that the particles possess 
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4. Isomerization of n-butane and n-pentane over sulfated zirconia catalysts. 
 
4.1. Introduction 
Sulfated zirconia was found to be able to activate and isomerize alkanes at low temperature, but unfortunately, these cata-
lysts suffer from rapid deactivation[1]. Several hypotheses have been presented in order to explain the deactivation process. The 
most common one is the formation of hydrocarbon surface deposits (“coke”)[1-2,3,4,5,6,7,8,9,10]. Sulfated zirconia has only been in-
vestigated by UV–vis spectroscopy in a deactivated state, i.e. ex situ after n-butane isomerization7,8. Chen et al.8 and Spielbauer 
et al.7 assigned some bands to unsaturated cationic species. Unsaturated species are obviously formed at some point during the 
interaction of n-butane or its reaction products with the surface; and the UV–vis spectra of a number of cationic hydrocarbon 
species in solution[11,12] or on zeolite surfaces[13-14,15,16,17] are available in the literature and can be used for interpretation.  
In general, two mechanisms were suggested for n-alkane isomerization, a monomolecular mechanism (intramolecular rear-
rangement), which is easily possible for hydrocarbons with five carbon atoms or more, or a bimolecular mechanism (intermo-
lecular rearrangement) involving an alkylation and a scission step with side products of higher and lower molecular weight than 
the original alkane[18]. To distinguish between the two mechanisms in the case of n-butane isomerization is difficult because the 
maximum rates for all products coincide at the same time on stream under typical reaction conditions[19].  The situation can be 
easier in the case of isomerization of n-pentane because the isopentane and isobutane production rates reach their maxima at dif-
ferent times on stream[20,21].   
 
The aim of this part of work is to investigate the evolution of surface species on sulfated zirconia during n-butane and n-
pentane isomerization by in situ UV–vis spectroscopy, and to find correlations between catalytic activity and the nature and con-
centration of adsorbates. 
4.2. Reaction conditions and data analysis 
n-Butane reactions were carried out at one partial pressure (5 kPa n-butane) and in the temperature range of 358 – 523 K. n-
Pentane reactions were carried out at several partial pressures (0.13, 0.25, 0.50, and 1.0 kPa n-pentane) and in a temperature 
range of 298 - 323 K. The experiments were performed on SZ samples no later than 2 weeks after calcination. Reactant partial 
pressures, reaction temperatures, and catalyst weights are given in table 4.1. 
 
 






5 358 1.25 
5 378 1.27 




5 523 1.31 
0.13 298 1.27 
0.25 298 1.28 
0.50 298 1.30 
0.25 308 1.25 




1.0 323 1.28 
   
*The total pressure is atmospheric pressure 
Table 4.1. Experiments carried out over SZ catalyst. 
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Conversion to gas phase products, yield of individual gas phase products, and carbon loss are defined as follows: 
 
Where 
Ci = molar concentrations of individual gas phase products. 
Cn = molar alkane concentration in the feed. 
Cisobutane = molar concentration of isobutane in the gas phase products. 
∑ Ci  Ci
Conversion = X 100       Yield = X 100 
CnCn
Cisopentane = molar concentration of isopentane in the gas phase products. 
Cn x nC - ∑ Ci x iC  
 
Cn x nC  
 
X 100 Carbon loss (%) = 
 
Rate of  




Selectivity to isobutane = 
X 100 Selectivity to isopentane = 
Cisopentane
Cisobutane  Cisopentane + 
Total flow (50 ml/min) x 60 min/h x CH x 298 K x (Carbonloss) 
22.4 l/mol x 1000 ml/l x 273 K x Cat. wt. x nC  
nC = number of carbon atoms of the n-alkane. 
iC = number of carbon atoms in product molecule. 
CH = molar fraction of n-pentane in the feed gas mixture. 
 
4.3. Results 
4.3.1. Reaction of n-butane and n-pentane 
The products of n-butane reaction were isobutane, propane, isopentane, and n-pentane at 358, 378, and 423 K, and addi-
tionally methane, ethane, and ethene at 523 K. At 358 K, an induction period of 120 min was observed before the conversion 
increased significantly. A maximum in conversion of 5.5% was reached after 172 min, afterwards the conversion declined stead-
ily. A steady state was reached after about 5 h on stream,  the conversion was 0.9%. The yields of various gas phase products 
from reaction of n-butane as a function of time on stream at 358 K are shown in Figure 4.1.  At 378 K, a shorter induction period 
of 47 min was observed before the maximum conversion of 10.7% was reached; afterwards the conversion declined faster than at 
358 K. The conversion was 1.1% at the steady state. The ratio of propane to pentanes at the maximum conversion was 1.5 and 
1.7 at 358 and 378 K, respectively. At 423 and 523 K, no induction period was detected, i.e. the conversion declined more or less 
from the beginning. At 423 K, the maximum conversion to gas phase products declined from 11.8 to 3.3% within 5 h time on 
stream. At 523 K, different cracking products were observed, the maximum conversion reached the highest value of 30% in 
comparison to other reaction temperatures and declined to 4.5% in the steady state. The yields of various gas phase products from 
reaction of n-butane as a function of time on stream at 523 K are shown in Figure 4.2. The yield of isobutane from reaction of n-
butane as a function of time on stream at 358, 378, 423, and 523 K is shown in Figure 4.3.  
 
n-Butane and n-Pentane Isomerization over Sulfated Zirconia Catalysts  Investigated by In Situ UV-vis-near-IR Diffuse Reflectance Spectroscopy, Rafat Ahmad, Berlin 2003   
 
 
Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 
21






















Figure 4.1:  Reaction of n-butane 
at 358 K, yield of products vs. time on 
stream. Conditions: 1.25 g SZ; 5 kPa n-
butane in helium; 50 ml min-1 total flow 
at atmospheric pressure. 























Figure 4.2:  Reaction of n-butane 
at 523 K, yield of products vs. time on 
stream. Conditions: 1.31 g SZ; 5 kPa n-
butane in helium; 50 ml min-1 total flow 
at atmospheric pressure. 























Figure 4.3:  Reaction of n-butane, 
yield of isobutane vs. time on stream 
with temperature as a parameter. Condi-
tions: 1.25–1.31 g SZ; 358, 378, 423, 
523 K; 5 kPa n-butane in helium; 50 ml 
min-1 total flow at atmospheric pres-
sure. 
 
Carbon loss reached a detectable level only at high reaction temperature; initial values were 5.8 % (423 K) and 6.4 % (523 
K). Within detection limits, the minimum in isobutane selectivity, corresponding to the maximum in propane selectivity, coin-
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cided with the maximum in conversion. The lowest selectivity to isobutane was 74.5 % at 523 K, 87 % at 423 K, 91.3 % at 378 
K, and 93.5 % at 358 K. The selectivity at the steady state (after 5 h on stream) was 93.7 % at 523 K, 95 % at 423 K, 98.2 at 378 
K, and 98.6 % at 358 K. Selectivity to isobutane from reaction of n-butane as a function of time on stream at 358, 378, 423, and 
523 K is shown Figure 4.4. 





















Figure 4.4:  Reaction of n-butane, selectivity to isobutane vs. time on stream with temperature as a parameter. Condi-
tions: 1.25–1.31 g SZ; 358, 378, 423, 523 K; 5 kPa n-butane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
For n-pentane reaction, the reaction was carried out under various n-pentane partial pressures and reaction temperatures. 
The most severe reaction condition was at 1 kPa n-pentane and 323 K while the mildest was at 0.13 kPa n-pentane and 298 K. 
A significant difference in the gas phase products and the reaction profile was found in the two cases. At 1 kPa n-pentane and 
323 K, the only detectable products were isopentane, isobutane, 2-methylpentane, and propane. The conversion to gas phase 
products declined from the beginning of the reaction, the maximum conversion was 26.4 % and after 5 h the conversion was 0.7 
%. At 0.13 kPa n-pentane and 298 K, isobutane and isopentane were detected as the main products with two different maxima, at 
65 minutes for isopentane and at 127 minutes for isobutane. Traces of n-butane and 2-methylpentane were detected at the maxi-
mum conversion. The conversion to gas phase products declined to 2.3 % (10 h) after the conversion reached its maximum of 25 
% (127 min). The yield of gas phase products from reaction of 1 and 0.13 kPa n-pentane as a function of time on stream at 323 
and 298 K is shown in Figure 4.5 and Figure 4.6, respectively. 





















Figure 4.5:  Reaction of n-pentane, 
yield of different gas phase products vs. time 
on stream. Conditions: 1.28 g SZ; 323 K; 1 
kPa n-pentane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
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Figure 4.6:  Reaction of n-pentane, 
yield of different gas phase products vs. time 
on stream. Conditions: 1.27 g SZ; 298 K; 
0.13 kPa n-pentane in helium; 50 ml min-1 
total flow at atmospheric pressure. 
For all other experiments of n-pentane reaction, the detectable products were isobutane, isopentane, n-butane, propane, and 
hexanes (n-hexane, 2-methylpentane, and 3-methylpentane). Figure 4.7 shows the yield of isopentane and isobutane from reac-
tion of 0.5 kPa n-pentane at 323 and 298 K as a function of time on stream. The conversion of n-pentane to isobutane reached its 
maximum at 8.3 % after 80 min at 298 K and at 13.3 % after 49 min at 308 K before it declined rapidly. A short induction period 
at 298 K (34 min) or no induction period at 308 K were observed for isopentane formation. The yields of isobutane after 12 h on 
stream were 0.2 % at 298 K and 0.3 % at 308 K. 















Time on stream / min
 isopentane at 298 K
 isobutane at 298 K
 isopentane at 308 K
 isobutane at 308 K
 
Figure 4.7:  Reaction of n-pentane, yield of different gas phase products vs. time on stream. Conditions: 1.30 g SZ and 
298 K (open symbols) or 1.24 g SZ and 308 K (solid symbols); 0.5 kPa n-pentane in helium; 50 ml min-1 total flow at atmos-
pheric pressure. 
 
For 0.25 kPa n-pentane at 298 K and 308 K, the conversion to gas phase products increased with time on stream and 
reached its maximum at 18.8 % after 96 min at 298 K and at 26.2 % after 80 min at 308 K before it declined rapidly. The conver-
sion to isopentane products declined to 0.7 % after 5 h on stream for both reaction temperatures, 298 K and 308 K. The carbon 
balance indicated losses as high as 20–40 % at 308 K and 10–25 % at 298 K in the first 40 min. The yields of various gas phase 
products from reaction of n-pentane as a function of time on stream at 308 K are shown in Figure 4.8.  
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Figure 4.8:  Reaction of n-pentane, yield of different gas phase products vs. time on stream. Conditions: 1.25 g SZ; 308 
K; 0.25 kPa n-pentane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
The maximum selectivity to isopentane at 298 K and at 0.13, 0.25, and 0.50 kPa n-pentane partial pressure was 100 %, 87.2 
%, and 74.2 %, respectively. The minimum selectivity to isopentane was observed when the conversion to gas phase products 
reached its  maximum, the minimum was 17.1 % at 0.13 kPa, 20.1 % at 0.25 kPa, and 24.6 % at 0.50 kPa. The rate of decrease in 
the isopentane selectivity (from its maximum to minimum) depends on the n-pentane partial pressure at constant temperature of 
298 K. As the n-pentane partial pressure increased the isopentane selectivity decreased more rapidly with time on stream, i.e. the 
minimum selectivity was observed after 159 min at 0.13 kPa, 143 min at 0.25 kPa, and 111 min at 0.50 kPa. After the selectivity 
reached its minimum, it increased at a slow rate and reached 42.8 % (0.13 kPa), 54.2 % (0.25 kPa), and 66.1 (0.50 kPa) after 10 h 
on stream. The selectivity of isopentane from reaction of n-pentane as a function of time on stream at 298 K and at different n-
pentane partial pressures is shown in Figure 4.9. 
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 0.13 kPa n-pentane
 0.25 kPa n-pentane




Figure 4.9:  Reaction of n-pentane, 
selectivity of isopentane vs. time on stream 
with n-pentane partial pressure as a parame-
ter. Conditions: 1.27–1.30 g SZ; 298 K; 
0.13–0.50 kPa n-pentane in helium; 50 ml 
min-1 total flow at atmospheric pressure. 
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Figure 4.10:  Reaction of n-pentane, 
selectivity of isopentane vs. time on stream 
with temperature as a parameter. Condi-
tions: 1.28,1.25 g SZ; 298 K, 308 K; 0.25 
kPa n-pentane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
Figure 4.10 shows the selectivity of isopentane from reaction of 0.25 kPa n-pentane at two different reaction temperatures 
298 K and 308 K. The maximum (87.2 %) and minimum (20.1 %) selectivity are higher at 298 K than at 308 K (67.8 and 15.8 
%). The same behavior of selectivity was observed after 6 h on stream, 54.2 % at 298 K and 49 % at 308 K. 
4.3.2. In situ UV–vis spectroscopy 
In order to see the effect of the method of data representation, reflectance or Kubelka-Munk units, on the band shape and 
position, data of two experiments for n-butane and n-pentane reaction are presented as simple difference spectra and as difference 
of Kubelka-Munk functions in the following (Figures 4.11 and 4.12). The original data represent the spectra of the sample with 
respect to the reference material, which was Spectralon®.  Figure 4.11a shows the spectrum of sulfated zirconia after 15 h on 
stream for n-butane reaction at 423 K in units of reflectance. The difference between the spectrum after activation and the spec-
trum after reaction, i.e. Rsz - Rsz+alkane is also displayed. The UV–vis spectrum of activated sulfated zirconia shows a high reflec-
tion without any specific absorptions in the range 400–800 nm. The material shows a strong decrease of the reflectance below 
400 nm. The band gap is, according to the not very consistent literature, expected towards shorter wavelengths, i.e. between 250 
and 285 nm[22,23,24]. Assuming no changes to the sulfated zirconia, the difference spectrum suggests the presence of a band at 
about 310 nm (Figure 4.11a). The band position shifts to 303 nm if not the simple difference spectrum but the difference between 
the Kubelka-Munk functions, i.e. F(Rsz+alkane) – F(Rsz) is calculated (Figure 4.11b). Figure 4.12a shows the spectrum of sulfated 
zirconia after 15 h on stream for n-pentane reaction at 298 K in units of reflectance. The difference spectrum suggests the pres-
ence of a band at about 330 nm. The band position shifts to 307 nm if not the simple difference spectrum but the difference be-
tween the Kubelka-Munk functions (Figure 4.12b) is calculated. 
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Figure 4.11:  In situ UV–vis diffuse reflectance spectra recorded during n-butane reaction after activation, after 15 h re-
action, and difference spectrum. In a) reflectance units, b) Kubelka-Munk units. Conditions: 1.28 g SZ; 423 K; 5 kPa n-butane 
in helium; 50 ml min-1 total flow at atmospheric pressure. 






























 after 15 h reaction
 
Figure 4.12:  In situ UV–vis diffuse reflectance spectra recorded during n-pentane reaction after activation, after 15 h 
reaction, and difference spectrum. In a) reflectance units, b) Kubelka-Munk units. Conditions: 1.28 g SZ; 298 K; 0.25 kPa n-
pentane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
In order to see the development of the changes but to avoid overinterpretation of the data at the current state of investiga-
tion, all data are presented as simple difference spectra in the following (Figures 4.13 - 4.15), and it is understood that these dif-
ferences include possible changes of the sulfated zirconia. The difference spectra taken at low temperatures were noisy and exact 
determination of band position and height was not always possible. For experiments with different catalyst batches under identi-
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cal conditions the positions did not differ by more than 5 nm. For estimation of band intensities as a function of time on stream, 
band areas were evaluated. 
Figure 4.13 shows a series of spectra obtained during the reaction of n-butane at 378 K. A weak band with a maximum at 
about 310 nm developed with increasing time on stream.  























Figure 4.13:  UV–vis difference spectra obtained 
from diffuse reflectance spectra recorded in situ during n-
butane reaction with time on stream as a parameter. Con-
ditions: 1.27 g SZ; 378 K; 5 kPa n-butane in helium; 50 ml 
min-1 total flow at atmospheric pressure. 
 
A band at 310 nm was observed at all four reaction temperatures. It was always the first band that evolved; specifically it 
was detected after about 150 min at 358 K, after 24 min at 378 K, after about 10 min at 423 K, and from the beginning at 523 K. 
At 358, 378, and 423 K the band at 310 nm remained the only detectable band within the observation span of 6 h. The intensity 
of this band approached a constant level at all temperatures. At 523 K, two further bands appeared in the spectrum with increas-
ing time on stream as shown in Figure 4.14; first a band at 370 nm after 20 min on stream and then a band at 430 nm after 6 h. 
These two bands continued growing within the observation span of 15 h. 


























Figure 4.14:  UV–vis difference spectra obtained from diffuse reflectance spectra recorded in situ during n-butane reaction 
with time on stream as a parameter. Conditions: 1.31 g SZ; 523 K; 5 kPa n-butane in helium; 50 ml min-1 total flow at atmos-
pheric pressure. 
 
Figure 4.15 shows a series of spectra obtained during the reaction of n-pentane at 298 K. The spectra were characterized by 
a broad feature (FWHM ≈ 60 nm after 798 min) with a maximum at 330 nm, which grew in intensity with increasing time on 
stream. No other bands were detected within the observation span of at least 6 h. Under all applied conditions, the UV-vis spectra 
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were very similar, one band at 330 nm and its height around 0.33 a.u.. The only difference among them were  the time, at which 
the band started to develop and the rate of band development.   



































Figure 4.15:  UV–vis difference spectra obtained 
from diffuse reflectance spectra recorded in situ during n-
pentane reaction with time on stream as a parameter. Con-
ditions: 1.28 g SZ; 298 K; 0.25 kPa n-pentane in helium; 50 
ml min-1 total flow at atmospheric pressure. 
 
 
Figure 4.16 shows the intensity of the band at 330 nm as a function of time on stream at 298 K and at different n-pentane 
partial pressures. The band grew faster as the n-pentane partial pressure increased, i.e. a plateau in the intensity was reached at 
174 min, 222 min, and 285 min at 0.50 , 0.25 , and 0.13 kPa n-pentane. 
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Figure 4.16:  Reaction of n-pentane, band 
area at 330 nm vs. time on stream with n-pentane 
partial pressure as a parameter. Conditions: 1.27–
1.30 g SZ; 298 K; 0.13–0.50 kPa n-pentane in 
helium; 50 ml min-1 total flow at atmospheric 
pressure. 
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Figure 4.17: Reaction of n-pentane, band 
area at 330 nm vs. time on stream with tempera-
ture as a parameter. Conditions: 1.28,1.25 g SZ; 
298 K, 308 K; 0.25 kPa n-pentane in helium; 50 
ml min-1 total flow at atmospheric pressure. 
 
 
On the other hand, at constant n-pentane partial pressure (0.25 kPa) and at different reaction temperature (298 K and 308 
K), the band grew faster as the reaction temperature increased, i.e. within 159 min at 308 K and within 207 min at 298 K. Band 
growth at 330 nm from reaction of n-pentane as a function of time on stream at 298 K and 308 K is shown Figure 4.17. 
 
4.3.3. Near-IR spectroscopy 
Near-IR spectra in the range of 860-2250 nm were taken of the catalyst just after the activation and after the reaction, and 
not during the reaction. Figure 4.18 shows near-IR spectra obtained before and after the reaction of n-butane at 423 K. After acti-
vation of the SZ sample, two bands were observed at 1430 nm and 1930 nm. The first one is asymmetric with higher intensity 
than the second one. After 15 h reaction, an additional broad band was observed at 1750 nm. For all other reaction temperatures, 
the observations were the same. In the case of n-pentane reaction and after 15 h reaction, four additional bands were observed at 
1215 nm, 1455 nm (very weak), 1580 nm, and 1750 nm. The band at 1750 has a higher intensity in the case of reaction of n-
pentane than in the case of n-butane. Near-IR spectra recorded before and after n-pentane reaction are shown in Figure 4.19.     
  











Figure 4.18:  In situ near-IR diffuse 
reflectance spectra recorded during n-
butane reaction after activation, after 15 h 
reaction. Conditions 1.28 g SZ; 423 K; 5 
kPa n-butane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
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Figure 4.19:  In situ near-IR diffuse re-
flectance spectra recorded during n-pentane 
reaction after activation, after 15 h reaction. 
Conditions: 1.27 g SZ; 298 K; 0.13 kPa n-






4.4.1. UV-vis band assignments 
n-Butane isomerization: Chen et al.[8] and Spielbauer et al.[7] investigated sulfated zirconia that had been deactivated dur-
ing n-butane isomerization by ex situ UV-vis and found bands at 292 nm (position from original spectrum, measured in reflec-
tance[8]) and 306 nm (difference of reflectance spectra[7]), which they attributed to allylic species. Förster et al.[13] studied the 
interaction of a number of C3 compounds with zeolites and reported band positions between 310 and 345 nm (spectra corrected 
for the background absorption of the zeolite, measured in transmission) for monoenic allylic cations. Kiricsi et. al.[15] studied the 
transformation of allene over zeolites and found a band at 290 nm assigned to monoenic allylic cations. Chiappetta et. al.[16] stud-
ied the interaction of propene with zeolites and reported a band at 310 nm (spectra in Kubelka-Munk function) for allylic monoe-
nic cations. Pazé et al.[17] exposed H-Ferrierite to 1-butene and obtained bands at 1580 cm-1 and at 310 nm (original spectrum, 
measured in reflectance), which were ascribed to a monoenic allylic cation. Their assignment was based on literature data of ions 
on zeolite surfaces[13] and in solution[11,12]  and the fact that the band at 310 nm partially disappeared upon exposure to NH3, 
which is presumed to neutralize positive charges. Accordingly, the pronounced band at 310 nm that forms during n-butane isom-
erization (Figures 4.11-4.15) in our experiments may also be attributed to the π → π* transition of allylic cations. Alkyl groups as 
substituents cause a shift of typically +5 nm[25], which is not enough to properly identify the chain length of our allylic species. 
Furthermore, the exact position of the band may depend on the interaction between carbocations and surface sites, which differ 
from catalyst to catalyst. The asymmetric shape of the band suggests that possibly several species contribute; such species could 
be of different chain length or just structural isomers. At 523 K, another two bands were observed at 370 and 430 nm and can be 
identified as dienic (contains two double bonds) and trienic (contains three double bonds) allylic cations[13-17]. As the number of 
conjugated double bonds increases the HOMO-LUMO distance decreases, resulting in a more pronounced red shift with together 
with an increase in intensity. For such ions, a chain length of at least 5 or 7 carbon atoms, respectively, is required. The assign-
ment is deduced from the work of Pazé[17] who assigned bands at 370 and 435 nm to dienic and trienic ions, and from the work of 
Förster[13] who assigned bands at 370–390 nm to dienic and at 430–480 nm to trienic allylic cations, and suggested that initially 
formed monoenic species transform to more highly conjugated species. Spielbauer et al.[7] have also attributed a band at 366 nm 
formed during n-butane isomerization on sulfated zirconia to “polyenylic” cations. Deno et al.[11] wrote that the extinction coeffi-
cients of allylic cations are in the order of magnitude of 104; and as with polyenes, the coefficients should increase with conjuga-
tion (up to a factor of 2 per additional double band[25]). The spectra could thus be deceiving with respect to the amount of dienic 
and trienic allylic cations on the surface. 
n-Pentane isomerization: The broad feature at 330 nm observed during the reaction of n-pentane (Figure 4.15) also falls 
within the range for absorptions attributable to allylic cations. The width of the feature suggests that it is a superposition of sev-
eral single bands, possibly different C6 isomers. Alternatively, the band could be assigned to cyclopentenyl cations, which were 
proposed as causes of deactivation by Luzgin et al.[26], who monitored the isomerization of n-pentane at room temperature by 
13C-MAS-NMR. Bands of more highly conjugated species were not detected; both, our observations with the n-butane reaction 
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and Pazé’s[17] results suggest that the reaction temperature (max. 323 K in our case) is not high enough for the formation of such 
species. At a low enough reaction temperature the formation of polyunsaturated deposits can apparently be avoided, for n-butane 
as well as for n-pentane reaction. 
4.4.2. Near-IR band assignments 
Table 4.2 summarizes some data, which were taken from the literature on IR spectroscopy[27]. Also the overtone and com-




cm-1               cm-1      nm 
3600-3590 (ν) 7200-7180 (2ν) 1389-1393  
 1595 (δ)   
 
-OH (H2O)ads. 
  5195-5185 (ν+δ) 1925-1929  
-OH   3600-3200 (ν) 7200-6400 (2ν) 1389-1563  
 
-CH3 or >CH2  2960-2850 (ν) 5920-5700 (2ν) 1689-1754  
 1470-1430 (δ)   >CH2
 7390-7130 (2ν+δ) 1353-1403 
 1390-1370 (δ)   -CH3
 7310-7770 (2ν+δ) 1368-1287 
 3095-3010 (ν) 6190-6020 (2ν) 1616-1661 
 7310-7770 (2ν+δ) 1368-1287 




 8110-8000 (2ν+2δ) 1233-1250 
Table 4.2: Band positions and assignments in IR region from literature and band positions calculated in near-IR. 
 
Spielbauer et. al.[28] have investigated sulfated zirconia by FTIR spectroscopy; they reported that one band at 3640 cm-1 can 
be observed in the –OH stretching region. The overtone of this band should be at 1374 nm. Förster et. al.[13] observed two bands 
at 1375 and 1410 nm after the interaction of isopropanol with zeolites and attributed the first one to the catalyst surface –OH and 
the second one to the adsorbed water on the surface. Pazé et al.[17] observed two bands at 7048 and 4656 cm-1 (1419 and 2148 
nm) before exposing H-Ferrierite to 1-butene and a new additional band in the region 5972-5563 cm-1 (1698-1798 nm) after the 
exposure. They attributed the bands as follows: at 1419 nm to an overtone 2v(OH), at 2148 nm to v(OH) + δ(OH) combination 
modes of bridged strong Brønsted sites, and the band in the region 1698-1798 nm to the 2v(CH) overtone. Accordingly, the band 
at 1430 nm that is observed in our activated sample (Figure 4.18 and 4.19) is attributed to surface-OH groups. The band at 1930 
nm is attributed to physisorbed water, it seems that traces of water still remain after the activation process. The band at 1750 nm 
formed during n-butane isomerization (Figures 4.18) and during n-pentane isomerization (Figure 4.19) in our experiments may 
be attributed to –CH vibrations of hydrocarbon species adsorbed on the catalyst surface. Because n-pentane is more reactive than 
n-butane, three additional bands were observed. Bands at 1215 and 1580 nm may also be attributed to a –CH overtone. The band 
at 1455 nm (Figure 4.19, after reaction) proved that the feature at 1430 nm is an overlap of two bands representing the terminal 
and bridging –OH groups, at shorter and longer wavelength, respectively. The increase of the band intensity at 1455 nm indicates 
the increase of the bridging –OH groups after the n-pentane reaction. 
 
4.4.3. Course of events during the reaction of n-butane 
In order to discuss the reaction behavior, the reaction profile can be divided, according to the evolution of the band at 310 
with time during n-butane isomerization at 358 K and 378 K (Figure 4.20), into three parts: i) the time before the band evolution, 
ii)  the time during intense band growth, iii) the time after stop of the band growth.     
I. The time before the evolution of the band at 310 nm at 358 K and 378 K  
In the first 30 min (378 K) and 150 min (358 K), the catalyst produces isobutane with high selectivity. This isomerization 
process simply includes a) n-butane adsorption b) isomerization c) isobutane desorption. But because no bands evolve in the UV–
vis region either there are indeed no surface species, or they are too few to be detected or too short-lived, or they do not absorb 
within the UV–vis region. Species such as carbenium ions, if formed from adsorbing alkanes, would not be visible in our spectra 
because they do not absorb above 210 nm[12], nor would alkanes themselves be detectable. Whatever triggers the sudden increase 
in conversion – changes to the catalyst or accumulation of surface species – is not detectable in the UV–vis spectra. One possibil-
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ity is that the reaction initially proceeds through a monomolecular mechanism as a predominant mechanism at this stage of reac-
tion. Matsuhashi et al.[29] reported that n-butane isomerization on SZ in the beginning of the reaction proceeds through a mono-
molecular mechanism. Suzuki and Okuhara[30] proved the contribution of a monomolecular mechanism for n-butane on SZ by 
isotopic labeling and GC-MS. The slight increase of the activity and decrease of the selectivity indicates that the reaction starts to 
proceed through an additional mechanism, which is the bimolecular mechanism. This can be indeed only if there are enough 
branched species available on the surface and alkenes have been formed, in order to form C8 species by alkylation. Propanes and 
pentanes, which indicate the formation of C8 species, are only detected at high conversions; they could thus be secondary prod-
ucts. However, Cheung et al.[19] stated that propane and pentanes are apparently primary products of the reaction of n-butane in 
the presence of Fe- and Mn-promoted sulfated zirconia. Also, cracking of C8 hydrocarbons preferentially produces C4 species 
rather than C3 and C5 species[18], which makes it difficult to distinguish between the two mechanisms, i.e. propane and pentanes 
















































Figure 4.20:  Rates of formation of isobutane (squares) and propane (triangles) and band area at 310 nm (stars, right 
axis) vs. time on stream. Conditions: 1.25 g SZ and 358 K (solid symbols) or 1.27 g SZ and 378 K (open symbols); 5 kPa n-
butane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
II. The time during the evolution of the band at 310 nm at 358 K and 378 K 
During the period of increasing conversion between 30 and 63 min on stream at 378 K and 150 and 216 min at 358 K, the 
isobutane selectivity decreased from 98 and 95 % (at the beginning of the reaction) to  94 and 91 % (at the maximum conversion) 
at 358 and 378 K, respectively.  This change in the selectivity can be a good indicator for an increased contribution of the bimol-
ecular mechanism to product formation during the period of high activity. During this period, unsaturated surface species are 
formed.  The evolution of the band at 310 nm, attributable to allylic cations, with time on stream is shown together with the rates 
of formation of isobutane and propane (indicative of disproportionation) in Figure 4.20. The increase in conversion at 378 K and 
the band growth are fairly rapid and it is not possible to decide if one precedes the other. From the data taken at 358 K, it be-
comes evident that the species absorbing at 310 nm is obviously not an intermediate; the highest conversion is reached before the 
band is fully developed. The initial, fast increase of the band coincides with the maxima of all rates; the band grows as the rates 
already decrease. The band appears to be associated with the bimolecular mechanism but the species is obviously not a side 
product but a competitive product, i.e. the selectivity changes from gas phase product to deposit formation. The formation of the 
deposit species could occur by one of the following two possibilities.  
− Because the rate of formation of propane was always larger than the sum of rates of formation of n- and isopentane under 
the selected conditions, C5 species must be retained at the surface. It can of course not be excluded that a C3 species re-
mains on the surface as a C5 species desorbs, and equally, one out of two C4 species may remain on the surface. More 
generally speaking, if a C8 intermediate cleaves into a neutral and a charged species (e.g. alkene/alkane + cation), the 
charged species will – for the time being – remain on the surface as a precursor for an allylic cation. 
− Because the intensity of the allylic cations band increases only at high conversion and when the reaction proceeds through 
the bimolecular mechanism, which includes the formation of alkenes,  the catalyst surface becomes rich in alkenes. A hy-
dride atom could be abstracted to form directly the allylic species i.e. allylic cations are produced through dehydrogena-
tion followed by hydride abstraction.        
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III. The time after stop of the evolution of the band at 310 nm at 358 K and 378 K. 
 In the time after 63 min at 378 K and 216 min at 358 K, the band at 310 nm is saturated (no more band growth at 310 nm). 
The isobutane selectivity increased from 94 and 91 % (at the maximum conversion) to  99 and 98 % (at the steady state) at 358 
and 378 K, respectively.  This change in the selectivity can be again a good indication that the reaction proceeds through the 
monomolecular mechanism as a predominant mechanism. The continued production of isobutane means that there exist active 
sites that are not affected by the presence of the surface deposits and are responsible for the long-term activity (monomolecular 
mechanism). Contrary to that, there should be active sites blocked by the surface deposit (allylic cations). These sites are respon-
sible for the short-term activity  (bimolecular mechanism).   
 
At  higher reaction temperature, at 423 K, the band at 310 nm was observed after 10 min and saturated after 33 min. The se-
lectivity to isobutane shows an increase from 87 (17 min) to 95 % (5 h) as an indication of increasing contribution of the mono-
molecular mechanism as the reaction time on stream increased. 
At 523 K reaction temperature, two additional bands at 370 and 430 nm start to grow after 20 min and 6 h on stream besides 
the band at 310 nm, which grows from the beginning of the reaction (Figure 4.14). These bands indicate that dienic and trienic 
allylic cations[13-17] are formed during n-butane reaction at 523 K. Figure 4.21 shows that the intensity of the band at 310 nm does 
not decrease as the band at 370 nm grows. The species absorbing at 310 nm are thus not intermediates for the dienic and trienic 
allylic cations, implying that the differently conjugated species are situated on different sites. The growing of doubly unsaturated 
species during 15 h on stream and triply unsaturated species after 6 h on stream (370 and 430 nm), which requires at least a C5 or 
C7 backbone, respectively, suggests that these species come only from newly formed Cn or long-lived Cn species (n > 4) which 
are present from the alkylation stage. It seems that the high reaction temperature (523 K) is a suitable condition to form such 
unsaturated long-chain hydrocarbons. On the other hand, the stop of formation of singly unsaturated species after around 60 min 
on stream (310 nm), which require at least a C3 backbone, suggests that these species could come from abstraction of hydride 
from alkene species. Alkenes could be present at high conversion (at the beginning of the reaction at 523 K). The fact that new 
species are formed after so many hours suggests that the catalyst surface and the thereon adsorbed species undergo changes not 
apparent in UV–vis spectra. 
















Time on stream / min
 at 310 nm
 at 370 nm
 
Figure 4.21: Band height at 310 and 370 nm vs. time on stream. Conditions:1.31 g SZ; 523 K; 5 kPa n-butane in he-
lium; 50 ml min-1 total flow at atmospheric pressure. 
 
The significant increase of the selectivity to isobutane from 74 to 95 % (10 h), simultaneously with the adsorption of differ-
ent  types of allylic cations, indicate that (i) the adsorption sites for these species are independent of the sites that produce isobu-
tane, (ii) the monomolecular mechanism is independent of the sites that adsorbed the allylic cations, and (iii) the contribution of 
the bimolecular mechanism at long time on stream is diminished because the allylic species were adsorbed on sites that seem to 
be responsible for the bimolecular mechanism.  
 
4.4.4. Course of events during the reaction of n-pentane 
Evolution of band at 330 nm with time during n-pentane isomerization at 298 K and 308 K (Figures 4.22 and 4.23): Similar 
to the observations during n-butane isomerization, there were no bands detectable during the induction period. With n-pentane as 
feed though, a considerable carbon loss could be detected within the first minutes on stream, and before the catalyst showed any 
significant activity. The carbon loss was around 40 % at 0.13 and 0.25 kPa n-pentane at 298 K, 32 % at 0.5 kPa and 298 K, and 
15% at 0.5 kPa n-pentane at 308 K. At 323 K and 1 kPa n-pentane, the initial carbon loss could not be detected because the ap-
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plied n-pentane partial pressure was 2-8 times higher than in the other experiments. The adsorbate does not absorb in the UV–vis 
range, i.e. within the early stages of the reaction, no significant amounts of unsaturated surface species are present on the surface. 
The subsequent increase in isopentane production results probably from monomolecular isomerization, because the cracking of a 
C10 species would produce more C4 than C5 hydrocarbons.  
Shortly after, isobutane becomes the main product indicating that the bimolecular mechanism predominates. As the produc-
tion of isobutane becomes significant, the band at 330 nm begins to grow. The sequence of events with time on stream during n-
pentane isomerization is illustrated in two different ways in Figures 4.22 and 4.23. Figure 4.22 shows the pentane reaction at 308 
K, and the band area (band at 330 nm) is plotted; Figure 4.23 shows the pentane reaction at 298 K, and the first derivative of the 
band area, i.e. the band growth rate is plotted. The initial carbon loss (expressed in units of C5), indicating the adsorption of n-
pentane, can clearly be recognized. As the carbon loss declines from its first maximum, the isopentane formation rate reaches its 
maximum, followed by the maximum in isobutane formation rate, and finally, band growth at 330 nm. Both figures reveal an 
increase in carbon loss as the band develops, suggesting that gas phase species are consumed in the process. Figure 4.22 shows 
(i) that only as the production of isobutane becomes significant, does the band at 330 nm begin to grow, indicating a relation 
between bimolecular mechanism and deposit formation and (ii) opposing trends for the formation of saturated gas phase products 
and unsaturated surface species, indicating that these two reactions are competitive and that dehydrogenation eventually prevails. 
Figure 4.23 underlines that the maximum in band growth is reached only after the maxima in product formation. 


































Figure 4.22:  Rates of formation of isopentane (open pentagons) and isobutane (open squares), rate of carbon loss 
(solid pentagons), and area of band at 330 nm (stars, right axis) vs. time on stream. Carbon loss (solid pentagons) is ex-
pressed in units of moles C5. Conditions:1.25 g SZ; 308 K; 0.25 kPa n-pentane in helium; 50 ml min-1 total flow at atmos-
pheric pressure. 











































Figure 4.23:  Rates of formation of isopentane (open pentagons), isobutane (open squares), rate of carbon loss (solid 
pentagons), and area increase (dA/dt) of band at 330 nm (stars) vs. time on stream. Carbon loss is expressed in units of moles 
C5. Conditions: 1.28 g SZ; 298 K; 0.25 kPa n-pentane in helium; 50 ml min-1 total flow at atmospheric pressure. 
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The rate of evolution of the band at 330 nm (allylic cations), which results from a competitive reaction to the bimolecular 
mechanism, was found to be sensitive to the reaction conditions, n-pentane partial pressure and reaction temperature, as shown in 
Figures 4.16 and 4.17. At a low n-pentane partial pressure of 0.13 kPa, the band evolution needed longer time than at the higher 
partial pressure of 0.25 kPa and much longer than at 0.50 kPa (Figure 4.16), suggesting that interaction of the gas reactant with 
the catalyst surface enhances the production of the short-term activity sites. As the partial pressure of the gas reactant increases 
the speed of production of sites (for the bimolecular mechanism) increases. On the other hand, at a constant n-pentane partial 
pressure of 0.25 kPa and different reaction temperatures, the band evolution needed longer time at 298 K than at 308 K (Figure 
4.17), suggesting that the production of active sites (for the bimolecular mechanism) depends on the temperature; and as the reac-
tion temperature increases, the production of such sites increases. 
4.5. Summary 
The investigation of n-butane and n-pentane isomerization on sulfated zirconia by in situ UV–vis diffuse reflectance spec-
troscopy using a fixed-bed flow reactor revealed important information on the nature of surface deposits. For the first time, the 
formation of such deposits could be related to the catalyst performance and the reaction mechanism. 
Literature data and product distributions suggest that alkane isomerization proceeds simultaneously through a monomolecu-
lar and a bimolecular mechanism, the latter is indicated through the occurrence of disproportionation byproducts (Cn-1, Cn+1 al-
kanes). At low reaction temperatures (n-butane: 358, 378 K; n-pentane: 298, 308 K), conversions were low at the beginning, 
increased and went through a maximum, and finally declined to a steady level. During the period of maximum activity, propane 
and pentanes were observed as byproducts in n-butane reaction, and isobutane as main product in n-pentane reaction, indicating 
the bimolecular mechanism. During the periods of low activity in the beginning and at long time on stream, the high selectivity to 
isobutane and to isopentane in the respective reactions indicated contributions of the monomolecular mechanism. 
In the course of the reaction, unsaturated species were formed on the surface of sulfated zirconia, characterized by bands at 
310 (n-butane reaction) and 330 (n-pentane) nm. The positions of these bands are consistent with those of monoenic allylic 
cations. More highly conjugated allylic cations were observed for reaction of n-butane at 523 K. 
The bands of singly unsaturated species only grew during the period of high conversion. More specifically, the fastest 
growth was observed in the period of decreasing activity, excluding the species as reaction intermediates. The formation of un-
saturated surface deposits is linked to the occurrence of the bimolecular mechanism. The opposing trends in the rates of forma-
tion of saturated gas phase products and the formation of allylic cations indicate competitive reactions, possibly connected 
through a common intermediate. 
The monomolecular mechanism, although slower than the bimolecular one, appears more desirable, since there are no side 
reactions and no coke formation. The bimolecular mechanism should be avoided, it leads to formation of coke, and in the case of 
n-pentane reaction, isobutane becomes the main product. The true catalytic power of sulfated zirconia may thus lie in its ability to 
catalyze isomerization through the monomolecular pathway at low temperatures, and more attention should be paid to the long-
term activity than to the temporary high activity. Despite the formation of unsaturated surface deposits, the sites generating a low 
but stable isomerization activity remain unaffected. 
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The activity of SZ for n-butane isomerization can be promoted by addition of Fe[1-2,3] The nature of the promotional effect is 
unknown. It has been reported that the isomerization activity of SZ is enhanced in the presence of butenes in the feed[4]; and Fe-
promoted ZrO2 is a catalyst for dehydrogenation, though at high temperatures, e.g. 1-butene is converted to butadiene at 873 K[5]. 
Our work focussed on the nature of the Fe species and on the question whether butenes are produced by Fe-SZ at low tempera-
tures. 
5.2. Reaction conditions and data analysis 
5.2.1. Reaction over Fe-Z 
Three samples of Fe-Z were tested in a 50 ml min-1  flow of 5 vol% n-butane for 6 h at 523 K. The Fe metal loading was 1, 
2, and 5 wt%, and the samples’ names are 1% Fe-Z, 2% Fe-Z, and 5% Fe-Z. The weight of catalyst was 0.96 (1% Fe-Z), 0.92 
(2%Fe-Z), and 0.80 g (5% Fe-Z). In order to check the lowest temperature at which the catalyst is active, the 5% Fe-Z sample 
was tested at reaction temperatures lower than 523 K. Fe-Z samples were reduced in a 30 ml min-1 steam of H2 for 2 h at 523 K.  
5.2.2. Reaction over Fe-SZ 
Four samples of Fe-SZ were tested in a 50 ml min-1 flow of 5 vol% n-butane for 6 h at 338 K. The Fe metal loading was 
0.05, 0.1, 0.5, and 2 wt.%, and the samples’ names are 0.05% Fe-SZ, 0.1% Fe-SZ, 0.5% Fe-SZ, and 2% Fe-SZ. n-Pentane was 
also used as a reactant, and the reaction was carried out over 0.1% Fe-SZ and 2% Fe-SZ. Reactant partial pressure, reaction tem-
perature, and catalyst weight are given in Table 5.1.  
Partial pressure 
(kPa) 




0.05% Fe-SZ 1.20 
0.1% Fe-SZ 1.24 





2% Fe-SZ 1.29 
 
338  
0.25 0.1% Fe-SZ 1.20 298 
1 
 
n-pentane 2% Fe-SZ 1.25 308 
Table 5.1: Experiments carried out over Fe-SZ 
Conversion to gas phase products and yield of individual gas products are defined as in the previous chapter.  
5.2.3. UV-vis spectroscopic measurements for reference materials 
Mechanical mixtures of 5 wt.%  γ−Fe2O3 / 95 wt.% ZrO2, 5 wt.% α−Fe2O3 / 95% ZrO2, or 5 wt.% Fe3O4 / 95 wt.% ZrO2 
were loaded into the microreactor and heated under He to 373 K. UV-vis spectroscopic measurements were carried out for each 
sample individually.   
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5.3. Results 
5.3.1. Reaction of n-butane over Fe-Z 
The product of n-butane reaction was 1,3-butadiene in all three samples, 1, 2, and 5% Fe-Z, and additionally 1-butene in 1 
and 5% Fe-Z samples. 1,3-Butadiene was observed to be the main product with maximum yields of 0.06% for 5% Fe-Z, and 
0.03% for both 1 and 2% Fe-Z. The maximum conversion declined to 0.01 (1% Fe-Z), 0.005% (2% Fe-Z), and 0% (5% Fe-Z) 
within 5 h on stream reaction. The yields of various gas phase products from reaction of n-butane over different Fe-Z samples as 





























Figure 5.1:  Reaction of n-butane at 523 K, yield of products vs. time on stream. Conditions: a) 0.8 g 5% Fe-Z, b) 0.92 
g 2% Fe-Z, and c) 0.96 g 1% Fe-Z; 5 kPa n-butane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
When n-butane was reacted over 5% Fe-Z at 428 K, the same two products were also observed. The maximum conversion 
to gas phase products was 0.024%. At 273 K, no conversion to gas phase products was detected.   
5.3.2. Reaction of n-butane over Fe-SZ 
The products of the reaction of n-butane over 0.05% Fe-SZ produced isobutane as a main product, and propane. An induc-
tion period of 5 h was observed until the conversion reached its maximum at 0.6%, then a stable catalytic activity was observed 
for 1 h before the conversion declined steadily to 0.26% after 12 h on stream. The selectivity to isobutane was 100% at the be-
ginning of the reaction and at very long time on stream, with an minimum value of 97.8% at maximum conversion. The yields of 
isobutane and propane, and the selectivity to isobutane from reaction of n-butane over 0.05% Fe-SZ as functions of time on 
stream are shown in Figure 5.2. 









































Figure 5.2:  Reaction of n-
butane over 0.05% Fe-SZ at 338 K, 
yield of products vs. time on stream. 
Conditions:  1.20 g 0.05% Fe-SZ; 5 
kPa n-butane in helium; 50 ml min-1 
total flow at atmospheric pressure. 
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For 0.1% Fe-SZ, isobutane, propane, and isopentane were observed from reaction of n-butane. The yields of gas phase 
products at maximum conversion were 1.4% for isobutane, 0.04% for propane, and 0.02% for isopentane. The selectivity exhib-
ited the same behavior as for the 0.05% Fe-SZ sample and reached 96.1% as a minimum value. 
 For 0.5% Fe-SZ, additionally to isobutane, propane, and isopentane, n-pentane was observed from reaction of n-butane. 
The yields of gas phase products at maximum conversion were 6.8% for isobutane, 0.26% for propane, 0.15% for isopentane, and 
0.02% for n-pentane. After 8 h on stream, the yield of isobutane declined to 1.64%. The selectivity to isobutane increased from 
94.2% at maximum conversion to 97.9% after 8 h on stream.  
For 2% Fe-SZ, isobutane, propane, isopentane, and n-pentane were observed from reaction of n-butane. A short induction 
period of 33 min was observed before the maximum conversion of 11.1% was reached, afterwards the conversion declined sig-
nificantly. In steady state (after 6 h on stream), the conversion was 2%. The selectivity to isobutane increased from 94.3% at 
maximum conversion to 97.8% in steady state.  
The yields of gas phase products, and the selectivity to isobutane from reaction of n-butane over 2% Fe-SZ as functions of 
time on stream are shown in Figure 5.3. 











































Figure 5.3:  Reaction of n-butane 
over 2% Fe-SZ at 523 K, yields of prod-
ucts vs. time on stream. Conditions:  1.29 
g 2% Fe-SZ; 5 kPa n-butane in helium; 
50 ml min-1 total flow at atmospheric 
pressure. 
 
The yields of isobutane from reaction of n-butane over 0.05, 0.1, 0.5, and 2% Fe-SZ samples as a function of time on 
stream are shown in Figure 5.4. 




























Figure 5.4:  Reaction of n-butane 
over 0.05, 0.1, 0.5, and 2% Fe-SZ at 523 K, 
yield of isobutane vs. time on stream. Con-
ditions:  1.20-1.29 g Fe-SZ; 5 kPa n-butane 
in helium; 50 ml min-1 total flow at atmos-
pheric pressure. 
 
5.3.3. Reaction of n-pentane over Fe-SZ 
Two experiments were carried out with n-pentane as the reactant. For 0.25 kPa n-pentane, 0.1% Fe-SZ, and 298 K, 
isopentane, isobutane, n-butane, and hexanes were observed as gas phase products. Two different maxima, 49 min for isopentane 
and 80 min for isobutane, were observed. Yields of isopentane and isobutane reached 3.2% and 9.4%, respectively, before they 
declined to 0.4% after 6 h for both products. For 1 kPa n-pentane, 2% Fe-SZ, and 308 K, the detectable products were isopen-
tane, isobutane, propane, and hexanes. The conversion to isopentane declined from the beginning (6%), while the conversion to 
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isobutane exhibited a short induction period of 33 min (31%) before it declined. The conversion to gas phase products was  0.8% 
in the steady state (after 5 h). The yields of gas phase products from reaction of 0.25 kPa n-pentane over 0.1% Fe-SZ as functions 
of time on stream at 298 K are shown in Figure 5.5. The yields of gas phase products from reaction of 1 kPa n-pentane over 2% 
Fe-SZ as functions of time on stream at 298 K are shown in Figure 5.6.  






















Figure 5.5:  Reaction of n-pentane, 
yield of gas phase products vs. time on 
stream. Conditions: 1.20 g 0.1% Fe-SZ; 298 
K; 0.25 kPa n-pentane in helium; 50 ml 
min-1 total flow at atmospheric pressure. 























Figure 5.6:  Reaction of n-pentane, 
yield of gas phase products vs. time on 
stream. Conditions: 1.25 g 2% Fe-SZ; 308 
K; 1 kPa n-pentane in helium; 50 ml min-1 
total flow at atmospheric pressure. 
 
For 0.25 kPa n-pentane, 0.1% Fe-SZ, and 298 K, selectivity to isopentane was 88.3% at the beginning of the reaction, 
19.9% at the maximum conversion, and 46.1% after 5 h on stream; the selectivity was thus higher than for 1kPa n-pentane, 2% 
Fe-SZ, and 308 K (40.3, 13.4, and 33.6% in the same sequence). The selectivity to isopentane  during n-pentane reaction over 
0.1% Fe-SZ and 2% Fe-SZ is shown in Figure 5.7. 
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Figure 5.7:  Reaction of n-pentane, 
selectivity of isopentane vs. time on 
stream. Conditions: 1.20 g 0.1% Fe-SZ, 
0.25 vol % n-pentane, 298 K 
(square);1.25 g 2% Fe-SZ, 1 kPa n-
pentane 308 K; in helium; 50 ml min-1 
total flow at atmospheric pressure. 
5.3.4. In situ UV-vis-near-IR spectroscopy 
5.3.4.1. UV-vis spectroscopy of Fe-Z 
In order to see the effect of the method of data analysis, simple reflectance or Kubelka-Munk function, on shape and posi-
tion of the bands, data of Fe-Z samples are presented as simple reflectance spectra and as Kubelka-Munk function in the follow-
ing Figure 5.8. The original data represent the spectra of the sample with respect to the reference material, which was 
Spectralon®.  Figure 5.8 shows spectra of 1% Fe-Z, 2% Fe-Z, and 5% Fe-Z, after activating the samples with O2 at 723 K and 
cooling down to 523 K, in units of 1 - reflectance (1 – R) and in Kubelka-Munk units F(R). The UV-vis spectra in Figure 5.8A 
(presented in units of 1 – R) show a very low reflectance (less than 10%) below 370 nm for 1% Fe-Z, below 450 nm for 2% Fe-
Z, and below 550 nm for 5% Fe-Z. In Figure 5.8B, the spectra are presented in Kubelka-Munk units, and the spectral features are 
more pronounced. Bands at 290 nm for 1% Fe-Z, 370 nm for 2% Fe-Z, and a plateau below 520 nm for 5% Fe-Z are observed. 
These bands can hardly be recognized when the spectra are presented in units of reflectance, also the band position could include 
a significant error. However, a plateau in the range 280-370 nm for 1 and 2% Fe-Z and 280-520 nm for 5% Fe-Z are observed, as 
shown in Figure 5.8A. Additionally, the difference between the spectrum after activation and after reaction, in the case of reflec-
tance units, i.e. RFe-Z - RFe-Z+n-butane, is expected to be much smaller than in the case of Kubelka-Munk units i.e. F(RFe-Z+n-butane) – 
F(RFe-Z). In order to detect minimal changes in the spectrum, all UV-vis-near-IR data in this chapter are presented as Kubelka-
Munk functions.  
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Figure 5.8:  In situ UV–vis diffuse reflectance spectra recorded at 523 K after activation of 1% Fe-Z, 2% Fe-Z, and 5% 
Fe-Z. In A) units of 1 - R B) Kubelka-Munk units.  
 
Before showing the UV-vis spectra of Fe-Z, that were obtained during the reaction of n-butane, it is important to show how 
ZrO2 is affected through interaction with n-butane at 523 K. Figure 5.9 shows UV–vis difference spectra recorded for ZrO2 after 
activation and after 6 h exposure to n-butane, where Kubelka-Munk (difference) corresponds to F(RZrO2+n-butane) – F(RZrO2). The 
spectrum shows almost zero value at wavelengths higher than 350 nm, while it is noisy (+/- 0.1) at wavelengths lower than 350 
nm.     


























Figure 5.9: UV–vis difference spectra obtained from 
diffuse reflectance spectra recorded in situ at 523 K before 
and after 6 h n-butane reaction. Conditions: 1.0 g ZrO2; 5 
kPa n-butane in helium; 50 ml min-1 total flow at atmos-
pheric pressure. 
Figure 5.10 shows UV–vis-near-IR difference spectra recorded for 1% Fe-Z samples after activation and after 6 h n-butane 
reaction. The difference spectrum of 1% Fe-Z shows a negative band in the range 350-410 nm, and a broad positive band cen-
tered around 735 nm. 







































Figure 5.10: UV–vis-near-IR difference spectra recorded at 523 K during n-butane reaction after activation and after 6 
h reaction. Conditions: 0.96 g 1% Fe-Z; 5 kPa n-butane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
In 2% Fe-Z, a broad negative band was observed in the range 350-430 nm, and a positive broad band centered at 725 nm 
(Figure 5.11A2). In 5% Fe-Z, a strong positive band centered at 755 nm was observed, while the negative bands were too noisy 
to be assigned (Figure 5.11B2). It is worth mentioning here that at 320 nm there is a lamp change from the halogen lamp to the 
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deuterium lamp which may create artifacts in the spectrum, therefore the small bands around 320 nm were ignored as in 1 and 
2% Fe-Z.  



















































































Figure 5.11: UV–vis spectra (A1, B1) and difference spectra (A2, B2) recorded at 523 K during n-butane reaction after ac-
tivation and after 6 h reaction. Conditions: a) 0.92 g 2% Fe-Z, b) 0.8 g 2% Fe-Z; 5 kPa n-butane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
 
The difference spectra of the three samples show x-intercepts at 482 nm (1% Fe-Z), 471 nm (2% Fe-Z), and 530 nm (5% 
Fe-Z).   
In order to be able to identify reduced species in the spectra, the samples were reduced in presence of H2 for 2 h at 523 K. 
The difference spectrum for 1% Fe-Z showed a broad negative band in the range 270-430 nm and a broad positive band centered 
at 735 nm. The difference spectrum after 2 h reduction of 1% Fe-Z by H2 at 523 K is shown in Figure 5.12. For the reduced 2% 
Fe-Z sample, a broad negative band in the range 270-435 nm, and a broad band centered at 725 nm were observed. A positive 
band at 745 nm  and a noisy spectrum below 470 nm were observed for the 5% FeZ sample. The difference spectra obtained for 
the three H2-treated samples show x-intercepts at 510 nm (1% Fe-Z), 480 nm (2% Fe-Z), and 495 nm (5% Fe-Z).    
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Figure 5.12: UV–vis spectra and difference spectra recorded during H2 treatment of 1% Fe-Z after activation and after 
2 h interaction at 523 K. Conditions: 0.96 g 1% Fe-Z; 30 ml min-1 H2 flow at atmospheric pressure. 
 
5.3.4.2. UV-vis spectroscopy of Fe-SZ 
Figure 5.13 shows spectra of 0.05% Fe-SZ, 0.1% Fe-SZ, 0.5% Fe-SZ, and 5% Fe-Z, after activation of the samples with O2 
at 723 K and cooling down to 338 K. The 0.05 and 0.1% Fe-SZ samples exhibit a band at 270 nm. The 0.5% Fe-Z sample exhib-
its an additional shoulder at 530 nm. The 2% Fe-Z sample shows a plateau in the range 270-530 followed by a steep decrease in 
intensity. The intensity of these bands differs from sample to sample. 2% Fe-SZ shows the highest intensity above 325 nm, while 
0.5% Fe-SZ shows the highest band intensity at about 275. The band positions are within +/- 5 nm of those of non-sulfated Fe-Z.  




























Figure 5.13: In situ UV–vis diffuse reflectance spectra 
recorded at 338 K after activation of Fe-SZ. a) 0.05% Fe-SZ, 
b) 0.1% Fe-SZ, c) 0.5% Fe-SZ, and d) 5% Fe-SZ.  
UV-vis difference spectra representing the difference between freshly activated Fe-SZ and after 6 h reaction showed almost 
no changes or were too noisy. The example in Figure 5.14 is representative also for the UV-vis difference spectrum between 
0.5% Fe-SZ freshly activated and after 6 h reaction. The difference spectrum more or less oscillates around zero making it im-
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possible to assign bands or extract any other information from the spectra of such samples under our experimental conditions. 
Two reasons can be postulated for the noisy spectrum; (i) cancellation effects as a consequence of an increase in intensity due to 
allylic cations and a decrease in intensity due to Fe reduction, or (ii) a much higher background, the reflectance of 0.5% Fe-SZ is 
only 0.1 vs 0.3 of SZ in the region of the allylic species. 























Wavelength (nm)  
Figure 5.14: UV–vis difference spectra obtained from diffuse reflectance spectra recorded in situ before and after 6 h n-
butane reaction. Conditions: 1.23 g 0.5% Fe-SZ; 338 K; 5 kPa n-butane in helium; 50 ml min-1 total flow at atmospheric 
pressure. 
 
In the case of n-pentane reaction over Fe-SZ, the UV-vis difference spectrum representing the difference between 0.1% Fe-
SZ freshly activated and after 6 h reaction showed a band at 307 nm. The band position shifts to 318 nm if not the difference 
between the Kubelka-Munk functions but the reflectance difference spectrum, i.e. Rsz – Rsz+n-pentane is calculated, as shown in 
Figure 5.15. 

















































Figure 5.15: UV–vis difference 
spectra obtained from diffuse reflectance 
spectra recorded before and after 6 h n-
pentane reaction. Conditions: 1.20 g 0.1% 
Fe-SZ; 298 K; 0.25 kPa n-pentane in 
helium; 50 ml min-1 total flow at atmos-
pheric pressure. 
 
For 2% Fe-SZ, 1% n-pentane, and 308 K, the UV-vis difference spectrum representing the difference between 2% Fe-SZ 
freshly activated and after 6 h reaction showed a broad negative band in the range 270-585 nm with band minima at around 525 
nm, and a broad positive band above 585 nm as shown in Figure 5.16a. In the difference of the reflectance spectrum, the spec-
trum shows a negative band at 535 nm and a sharp band at 750 nm (Figure 5.16b). 
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Figure 5.16: UV–vis difference spectra obtained from diffuse reflectance spectra recorded before and after 6 h n-pentane 
reaction. In a) Kubelka-Munk units b) reflectance units. Conditions: 1.25 g 2% Fe-SZ; 308 K; 1 kPa n-pentane in helium; 50 ml 
min-1 total flow at atmospheric pressure. 
 
5.3.4.3. Near-IR spectroscopy of Fe-Z and Fe-SZ 
Figure 5.17 shows near-IR spectra obtained for ZrO2 and Fe-Z at 523 K after activation of the samples with O2 at 723 K. In 
all Fe-Z samples, two bands were observed at 1380 and 1405 nm. The intensity of the band at 1380 nm decreased as the Fe load-
ing increased. The positions of the two bands were shifted to 1365 and 1390 nm in the case of ZrO2. Figure 5.18 shows near-IR 
spectra obtained for SZ and Fe-SZ at 338 K after activation of the samples with O2 at 723 K. SZ and Fe-SZ samples exhibit a 
band at 1423 nm. 
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Figure 5.17:  In situ near-IR diffuse reflectance spectra 
recorded at 523 K after activation for ZrO2, 1% Fe-Z, 2% Fe-
Z, and 5% Fe-Z. 
Figure 5.18:  In situ near-IR diffuse reflectance 
spectra recorded at 338 K after activation for SZ, 0.05% 
Fe-SZ, 0.1% Fe-SZ, 0.5% Fe-SZ, and 2% Fe-SZ. 
 
Figure 5.19 shows near-IR spectra obtained for 1% Fe-Z, 2% Fe-Z, and 5% Fe-Z after n-butane reaction at 523 K. The two 
bands at 1380 and 1405 were diminished and the overall reflectance in the near-IR region was lower than before reaction, there-
fore no bands at 1380 and 1405 nm in the 5% Fe-Z sample could be observed. Figure 5.20 shows near-IR spectra obtained for 
0.1% Fe-SZ and 2% Fe-SZ after reaction of n-pentane at 338 K. In addition to the bands at 1420 and 1930 nm, which existed 
before the reaction, two bands at 1580 and 1750 nm were detected. In the case of n-butane reaction over Fe-SZ samples, no new 
bands were observed. The near-IR spectrum recorded for 2% Fe-SZ after reaction of n-butane at 523 K is shown in spectrum b in 
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Figure 5.19:  In situ near-IR diffuse reflectance spectra 
recorded after reaction of n-butane for 6 h at 523 K over 1% 
Figure 5.20:  In situ near-IR diffuse reflectance spectra 
recorded after reaction of a) n-pentane at 338 K, b) n-butane 
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Fe-Z, 2% Fe-Z, and 5% Fe-Z. 523 K over 0.1% Fe-SZ and 2% Fe-SZ. 
 
5.3.4.4. UV-vis-near-IR spectra of reference materials 
The spectrum of γ−Fe2O3/ZrO2 shows bands at 270 and 350-370, the spectrum of α−Fe2O3/ZrO2 shows bands at 265, 570, 
650 (sh), and 875 nm, while the spectrum of Fe3O4/ZrO2 shows bands at 270 and 735 nm. In situ UV–vis-near-IR diffuse reflec-
tance spectra recorded at 373 K for  γ−Fe2O3/ZrO2, α−Fe2O3/ZrO2, and Fe3O4/ZrO2 are shown in Figure 5.21.  





































Figure 5.21: In situ UV–vis-near-IR diffuse 
reflectance spectra recorded at 373 K of a) 




5.4.1. UV-vis band assignments 
Scheithauer et al.[6] investigated the structure of Fe-SZ by UV-vis diffuse reflectance spectroscopy. The sample was charac-
terized by an edge at 571 nm, and the authors suggested the presence of Fe2O3 in the sample. Other bands could be observed at 
around 370 and 470 nm. They concluded from the UV-vis spectra that Fe was present in aggregated structures and not as atomi-
cally isolated species. Guglielminotti[7] characterized an Fe-Z system by UV-vis diffuse reflectance and reported a band at 35000 
cm-1 (286 nm), which he attributed to Fe3+-O Charge transfer (CT). This same band was weakened and slightly red shifted with a 
wide shoulder by reduction, and the author suggested the formation of an Fe-O-like phase plus a small amount of Fe0, and con-
cluded that the UV-vis spectra show the reduction of Fe2O3 without a clear indication of the type of site formed. Cornell and 
Schwertmann[8] have shown UV-vis transmission spectra for various Fe oxides and reported a band at 542 nm for haematite 
(α−Fe2O3), and bands at 495 and 512 nm for maghemite (γ−Fe2O3) corresponding to the 26A1 → 24T1 transition; the spectra were 
recorded in transmission mode. The absorption edge of Fe3+ oxides is at 380-420 nm for maghemite and at 570 nm for haematite, 
data were taken in reflection mode. Haematite and maghemite also had strong absorption bands centered at 370 nm and 336 nm, 
respectively. Magnetite showed a band centered at 300 nm with a shoulder at 380 nm. Inui et al.[9] studied iron silicate samples 
with different Fe-loading and observed three bands at 370, 405, and 435 nm in the UV-vis spectra. These absorption bands be-
came stronger with an increase in Fe content. Centi and Vazzana[10] characterized Fe zeolite by two intense bands at 46500 cm-1 
(215 nm) and 36000 cm-1 (278 nm) due to LMCT in isolated Fe3+ species in destorted octahedral coordination. Bands at 30000 
cm-1 (333 nm), 26500 cm-1 (377 nm), and 20000 cm-1 (500 nm) were also reported and explained as octahedral Fe3+ present in 
small clusters of γ−FeOOH and Fe2O3, respectively. 
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In our experiments, UV-vis spectra of Fe reference materials showed an intense band at 270 nm, which is attributed to Fe3+-
O CT. This band has the same position in Fe-SZ and seemingly shifted to 290 nm in Fe-Z due to the band overlap between Fe3+-
O and Zr4+-O. Our reference material α−Fe2O3 exhibits bands at 570, 650, and 875 nm (Figure 5.21, spectrum c) and γ−Fe2O3 
exhibits band at 350-370 nm (Figure 5.21, spectrum a), while Fe-Z exhibits bands at 370, and 520 nm (Figure 5.8), and Fe-SZ 
exhibits a band at 530 nm (Figure 5.11). The similarity in the band positions between the Fe reference materials and our Fe sam-
ples is a proof of the existence of Fe2O3 in the samples (particularly, samples with Fe-loading ≥ 0.5%) . The concentration of 
Fe2O3 in the samples depends on the Fe content, i.e. as the Fe loading increased the Fe2O3 content increased. Fe3O4 is the only 
reference material that showed a band at 735 nm. The broad positive band in the range 600-800 (centered at around 750 nm), 
which was formed after n-butane reaction or H2 treatment, could be attributed to formation of Fe3O4. However, applying UV-vis 
spectroscopy as an only technique in identification and characterization of Fe species could not give a complete picture about the 
form and distribution of Fe in the samples. 
5.4.2. Near-IR band assignments 
Okamoto et al.[11] investigated Fe-Z by IR spectroscopy and indicated two –OH bands at 3776 and 3674 cm-1, which were 
attributed to terminal and bridged OH, and which were consumed by the addition of Fe. Boot[12] studied Fe-Z by IR spectroscopy 
and reported two –OH bands at 3725 and 3650 cm-1. The band at 3725 nm disappeared with increasing loading of Fe oxides. Gao 
et al.[13], who investigated V2O5-Z by in situ UV-vis-near-IR diffuse reflectance spectroscopy found that pure ZrO2 exhibited two 
bands in the near-IR region at 7392 cm-1  (1353 nm) and 7194 cm-1 (1390 nm), which were assigned to the overtone vibrations of 
terminal and bridged OH groups on the zirconia surface. The intensity of the terminal Zr-OH  band at 7392 cm-1 decreased with 
increasing V loading. 
Equivalent results were obtained with our Fe-Z samples, Figure 5.17 shows two bands at 1366 and 1392 nm, which can be 
assigned to terminal and bridged Zr-OH groups. As the Fe loading increased the overall intensity of the surface OH groups de-
creased, particularly the terminal Zr-OH. In the case of Fe-SZ, the surface OH groups were not affected by adding Fe promoters 
as shown in Figure 5.18. It could be that the sulfate group stabilizes the surface OH. The bands at 1580 and 1750 nm, which were 
observed after 6 h reaction of n-pentane, are attributed to the overtone vibrations of CH as discussed in the previous chapter. 
5.4.3. Reaction of n-butane over Fe-Z 
Catalytic results of n-butane reaction over Fe-Z showed that Fe-Z was able to produce butenes from n-butane not only at 
523 K but also at 428 K. At reaction temperatures lower than 428 K, no products were observed. But it could not be excluded that 
butenes were produced but did not desorb. Boot et al.[5] tested Fe-Z as a catalyst for the dehydrogenation of 1-butene in presence 
of steam in the reaction temperature range of 698-798 K. Butadiene was detected as the main product with a high yield of ca. 
25% besides carbon dioxide, propene, methane, ethene, trans-butene, and cis-butene, depending on reaction temperature and 
sample preparation.      
UV-vis spectra of activated Fe-Z samples exhibit bands attributed to Fe2O3 with a different intensity according to the metal 
loading. The significant changes of the UV-vis spectra after the reaction of n-butane could be attributed to the changes of the Fe 
species in the catalyst. Fe species in activated Fe-Z have an oxidation state 3+, whatever  the form of Fe, i.e. an isolated species 
or as Fe2O3 particles. The difference UV-vis spectra of Fe-Z in Figures 5.10 and 5.11 have two features; a negative band below  
480 (1% Fe-Z), 470 (2% Fe-Z), and 530 (5% Fe-Z) nm, and a broad positive band above ca. 500 nm. The negative bands in the 
range 350-410 nm for 1% Fe-Z, and 350-430 nm (2% Fe-Z) indicate a decrease in the Fe3+ species in the sample. The positive 
band centered at 725-755 nm indicates the formation of Fe3O4 as was identified with the help of the spectrum of the reference 
material, shown in Figure 5.21. Almost the same behavior was observed when a Fe-Z sample was reduced by H2 as shown in 
Figure 5.12. Taran et al.[14] have listed the electronic intervalence charge transfer transitions (IVCT) Fe3+ + Fe2+ ↔ Fe2+ + Fe3+ 
for single crystals of five minerals. The IVCT bands were in the range 578-909 nm, two of them were in the range 709-769 nm. 
UV-vis reflectance spectra in the difference form, i.e. F(Ra) – F(Rb) for an Fe promoted catalyst were also published by Bordiga 
et al.[15]. They showed difference UV-vis spectra of calcined and non-calcined iron silicate and reported a positive band at 36000 
cm-1 (278 nm) assigned to clustered Fe2O3 and a negative band at 46000 cm-1 (217 nm) assigned to isolated Fe3+ species. Accord-
ingly, Guglielminotti[16] subtracted the UV-vis-near-IR spectra of NO adsorbed on Fe-Z from the background and found four 
bands at 23200 cm-1 (431 nm), 20000 cm-1 (500 nm), 18300 cm-1 (546 nm), and 17000 cm-1 (588 nm). These bands were attrib-
uted to charge transfer transitions between the d orbitals of the Fe2+ ions and the π* orbital of adsorbed NO. However, in our 
case, the formation of Fe3O4, which contains iron in the two oxidation states 3+ and 2+, from n-butane or H2 reaction is a prove 
of reduction of some Fe3+ species to Fe2+.   
The near-IR spectra in Figure 5.19 showed the surface OH bands to be diminished in 1% Fe-Z and 2% Fe-Z and absent in 
5% Fe-Z after the reaction of n-butane. This phenomenon could be explained as follows: (i) the produced 1-butene or 1,3-
butadiene could be adsorbed on the protons of the –OH groups to form hydrogen-bonded π-complexes as shown in scheme 5.1A, 
or (ii) the produced butenes could be protonated by the surface OH to form a stable alkoxide as shown in scheme 5.1B. The sec-
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ond explanation could be more accurate because the reaction of n-butane was carried out at high temperature (523 K). Formation 
of alkoxide has been reported for the interaction of alkenes with zeolites[17-18,19]. 



















Scheme 5.1: Interaction of hydrocarbons with surface –OH. 
 
5.4.4. Reaction of n-butane and n-pentane over Fe-SZ 
SZ did not show activity toward isobutane formation at 338 K; adding traces of Fe to SZ produced a small activity toward 
isobutane, about 0.6% yield. As the Fe loading increased the maximum conversion to gas phase products increased; the maxi-
mum activity jumped from 0.6% in 0.05% Fe-SZ to 11.1% in 2% Fe-SZ, shown in Figure 5.2 and Figure 5.3, respectively. Also 
the shortest induction period was observed for 2% Fe-SZ (33 min) while the longest induction period was observed for 0.05% Fe-
SZ (5 h), Figure 5.4. The reaction of n-butane over Fe-SZ does proceed through a monomolecular and a bimolecular mechanism. 
The contribution of each mechanism varied during reaction time on stream: the monomolecular mechanism is favored at the be-
ginning of the reaction and in the steady state, and the bimolecular mechanism at high conversions. As discussed in Chapter 4, 
the bimolecular mechanism can indeed occur only if there are enough branched species available on the surface and alkenes have 
been formed, and alkylation and disproportionation can take place. Production of propane and pentanes, which indicates the for-
mation of C8 species, is only detected at high conversions; they could thus be secondary products. There is an agreement in the 
literature that the promoters enhance the bimolecular mechanism, but the question is: how do promoters work? Lin and Hsu[20] 
reported that promoted sulfated zirconia has stronger acid sites than the unpromoted one. By contrast, Bobou et al.[21] and Adeeva 
et al.[22] found that there is no significant difference in acid strength between SZ and Fe- and Mn-SZ. Several researchers[22-
23,24,25,26]suggested that the role of Fe and Mn promoters is to facilitate the bimolecular reaction path by enhancing the formation 
of unsaturated intermediates. Therefore, the presence of H2 in the feed was studied on promoted and unpromoted SZ. For unpro-
moted SZ, the presence of H2 causes lower conversion to isobutane by decreasing the butene concentration through the interac-
tion between H2 and butene[23,27]. Song et al.[28] found that the presence of H2 in the feed during n-butane isomerization has a 
negative effect in Fe-SZ. Others reported that H2 does not show a negative effect on n-butane conversion over Fe- and Mn-
SZ[29,30] and related that to the strong stabilization effect by Fe and Mn promoters on the unsaturated intermediates. On the other 
hand, the effect of the presence of the unsaturated species (alkenes) on n-alkane isomerization was also studied. Dumesic and co 
workers[31,32]reported that when alkenes were present in the feed the rate of deactivation increased. They tested the reaction of n-
butane over SZ at 423 K, which is a relatively high temperature, therefore only the deactivation phase could be observed, i.e. the 
activity declined from the beginning of the reaction. Hammache and Goodwin Jr.[33] studied the reaction of n-butane over SZ in 
the presence of 1-butene at 423 and 523 K. They could follow the reaction in the first 5 min on stream by using an autosampling 
valve to collect samples, and reported that the catalytic activity in the induction period (5 min) increased in the presence of 1-
butene and also the rate of deactivation increased.  
The reaction of n-pentane over 0.1% Fe-SZ (Figure 5.5) exhibits two maxima for gas phase products, the first for isopen-
tane production (monomolecular mechanism) and the second for isobutane (bimolecular mechanism), which evidences that the 
reaction proceeds through two mechanisms. During the deactivation phase and the steady state  for the reaction of n-pentane over 
0.1% Fe-SZ and 2% Fe-SZ (Figures 5.5 and 5.6), the selectivity toward isopentane is enhanced, which evidences that the reaction 
proceeds through the monomolecular mechanism at the expense of the bimolecular mechanism. 
UV-vis spectra of Fe-SZ were too noisy to give real information about the reaction mechanisms or catalyst changes in the 
case of n-butane isomerization. The band interference between the adsorbed unsaturated species (positive bands) and changes in 
Fe species (could be negative bands) could affect the overall spectrum. In the case of n-pentane reaction over Fe-SZ, the UV-vis 
spectra of 0.1% Fe-SZ in Figure 5.15 prove that the allylic cations are still produced and adsorbed on the surface in presence of 
Fe as a promoter. At higher Fe loading (2% Fe), the change of the Fe species was better observable than adsorbed species as 
shown in Figure 5.16. From this observation and from the reaction of n-butane over Fe-Z, it can be concluded that (i) some of the 
Fe3+ species are reduced to Fe2+ in Fe-SZ during n-alkane reaction (ii) reduction appears as transformation of Fe2O3 to Fe3O4 (iii) 
Fe enhances the bimolecular mechanism by dehydrogenating the n-alkane (iv) deactivation is a result of coke deposits and Fe 
reduction. In addition to that, it can be assumed that Fe enhances the number or facilitates the formation of active sites that are 
responsible for the short-term activity. Moreover, it was found in our department by XRD that promoters can modify the bulk 
SZ[34]. 
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The near-IR spectra of Fe-SZ in Figure 5.18 show that the surface OH groups did not act as in the unsulfated samples, 
which means that the intermediate carbenium ions or butene did not adsorb on the OH groups.             
  
5.5. Summary 
The investigation of n-butane and n-pentane isomerization on Fe-SZ by in situ UV–vis-near-IR diffuse reflectance spectros-
copy revealed important information not only on the nature of surface deposits as was shown in details in Chapter 4, but also on 
the role of Fe as a promoter. 
Fe as a promoter for unsulfated zirconia was found to be active in dehydrogenation of n-butane at 423 K. Reduction of 
Fe2O3 to Fe3O4 was observed during the reaction by UV-vis spectroscopy. Near-IR spectra showed that the surface OH groups 
were diminished through the interaction between butenes and protons forming hydrogen bonds and then alkoxides. 
Iron promoted SZ showed activity in the isomerization of n-butane to isobutane at 338 K. As the Fe loading increased the 
maximum conversion to gas products increased. UV-vis spectra suggested the formation of allylic cations and reduction of Fe3+. 
Fe facilitates the bimolecular mechanism by producing alkenes during the reaction and increases the number of the sites of short-
term activity (highly active). Fe-SZ deactivates during n-pentane isomerization due to unsaturated surface deposits and Fe species 
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Research in supramolecular-templated mesoporous materials began in the early 1990s with the announcement of MCM-41 
and the M41S family of molecular sieves. These materials have a uniform pore size larger than 20 Ǻ, surface area in excess of 
1000 m2g-1, and long-range ordering of the packing of pores. The mesoporous materials are derived with supramolecular assem-
blies of surfactants, which template the inorganic components during synthesis. According to IUPAC definition, inorganic solids 
that contain pores with diameters in the size range of 20-500 Ǻ are considered mesoporous materials. 
The tetragonal crystalline ZrO2 bulk of an SZ catalyst was found to play an important role in the isomerization activity[1]. 
Sulfate-containing ordered mesoporous zirconia of MCM-41 structure[2] can be considered as an SZ catalyst without the typical 
tetragonal ZrO2 bulk of conventional SZ catalysts. Yang et al.[3] reported that the catalytic performance for n-butane isomeriza-
tion of such a sulfated mesoporous zirconia differs significantly from that of a conventional SZ with a tetragonal bulk. At 378 K 
and 1 kPa n-butane, the conventional SZ reached its maximum conversion after an induction period of ca. 60 min and then deac-
tivated until a “steady state” was reached after ca. 600 min. Sulfated mesoporous zirconia of the MCM-41 structure that was 
tested under the same reaction conditions did not display a conversion maximum at short time-on-stream; instead, the conversion 
rose very slowly and within 1000 min reached the same steady state level as conventional SZ. From comparing the structural 
difference and the different catalytic performance of these two types of sulfated zirconia catalysts, they suggested that there are 
two groups of active sites, one is associated with the presence of the tetragonal zirconia phase and generates a short-lived high 
activity, the other, present on the surface of both catalysts, generates the long-term steady state activity. An alternative explana-
tion for the different time-on-stream profiles arises from the higher maximum conversion that is achieved with conventional vs. 
mesoporous SZ under identical reaction conditions; a significant concentration of product on the surface, or a sufficient density 
of active sites may allow for secondary reactions which lead to deactivation by carbonaceous deposits. Therefore it is interesting 
to test the activity of mesoporous zirconia with sulfate components for the isomerization of n-alkane and simultaneously apply an 
in situ spectroscopic technique. 
In the present work, in situ UV-vis diffuse reflectance spectroscopy was performed during n-butane and n-pentane isomeri-
zation at various temperatures. The results obtained for ordered mesoporous SZ are compared to those obtained for a conven-
tional SZ catalyst with a tetragonal crystalline zirconia bulk. We are trying to identify the role of the catalyst bulk phase on the 
reaction performance and the nature of carbonaceous deposits. 
6.2. Reaction conditions and data analysis 
 
Reaction of n-butane or n-pentane was carried out over ordered mesoporous SZ  (omSZ) under different reactant concentra-
tions and reaction temperatures (Table 6.1).  
Reactant Reaction temperature 
5.0 kPa n-butane 453 K 
1.0 kPa n-pentane 323 K 
1.0 kPa n-pentane 378 K 
Table 6.1. Reaction conditions for mesoporous SZ catalyst 
 
The  activation procedure and the feed flow were the same as in the experiments with the conventional  sample. Conver-
sion, yield, and selectivity are shown already in Chapter 4.    
 
6.3. Results 
6.3.1. Reaction of n-butane and n-pentane 
 
Figure 1 shows the yield of various hydrocarbons in the presence of mesoporous SZ at 453 K in a 50 cm3/min flow of 5 
vol% n-butane in He during the first 1000 min time on stream. A maximum conversion of n-butane of ~ 4.3%, corresponding to 
460 µmoln-butane h-1 gcat-1, was achieved at ca. 120 min time on stream, followed by gradual deactivation. The yield of isobutane 
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after 1000 min time-on-stream was 3.2%, corresponding to 342 µmolisobutane h-1 gcat-1. The main product of n-butane conversion 
was the expected product of isomerization, viz., isobutane. Propane and isopentane were observed in small concentrations as by-
products, and are formed through the disproportionation of C8 intermediates. The selectivity towards isobutane decreased during 
the induction period to a level of ca. 98.3% at the conversion maximum, and then increased slowly to the level of ca. 98.8% at the 
steady state.  






































Figure 6.1: Yields of products and selectivity to isobutane vs. time on stream  
Conditions: 0.6 g omSZ, 453 K, 5 kPa n-butane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
The reactivity of n-pentane is much higher than that of n-butane; and a different product distribution and an immediate, 
rapid deactivation of the catalyst were observed at 378 K (see Figure 6.2). The total conversion was 6.2% corresponding to 147 
µmol h-1 gcat-1 at the beginning of the reaction and 0.1% corresponding to 2 µmol h-1 gcat-1 after 870 min time on stream.  





















Figure 6.2: Yields of product formation vs. time on stream.  Conditions: 0.6 g omSZ, 378 K, 1 kPa n-pentane in he-
lium; 50 ml min-1 total flow at atmospheric pressure. 
 
At a reaction temperature of 323 K, it is possible to observe an induction period, a maximum in the activity, and the estab-
lishment of a “steady state” (Figure 6.3). A maximum conversion of n-pentane of ~ 7.4%, corresponding to 175 µmol h-1 gcat-1 
was achieved at ca. 34 min time on stream with a high selectivity toward isobutane. Both activity vs. time-on-stream profiles look 
very similar to those obtained with conventional SZ (see chapter 4), with an immediate loss of the high activity and with isobu-
tane, not isopentane, as the main product. Small quantities of propane, n-butane and hexanes are found as by-products. The selec-
tivity towards isobutane is higher than that towards isopentane for both materials, so in principle enough C4 species may be 
present to allow the formation of the same surface species as during n-butane isomerization.  
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Figure 6.3: Yields of product formation vs. time-on-stream.  Conditions: 0.6 g omSZ, 323 K, 1 kPa n-pentane in he-
lium; 50 ml min-1 total flow at atmospheric pressure. 
 
6.3.2. In situ UV-vis spectroscopy 
 
Figure 6.4 shows an in-situ UV-vis spectrum taken for ordered mesoporous SZ during the reaction of n-butane correspond-
ing to ca. 600 min time on stream, together with an in-situ spectrum taken from conventional SZ after the 300 min time on stream 
though only at 378 K. 
An absorption band centered at 285 nm was observed on the mesoporous SZ sample during n-butane reaction. This band 
was the only band and developed with increasing time on stream. A band at this position could not be observed on the conven-
tional SZ; instead, the major band was observed at 310 nm, which is assigned to a monoenic allylic cation. 





















Wavelength / nm  
Figure 6.4: In situ UV-vis spectra recorded during n-butane isomerization in the presence of ordered mesoporous SZ 
after 600 min and conventional SZ after ca. 300 min. Conditions: 0.6 g omSZ, 453 K or 1.27 g SZ; 378 K, 5 kPa n-butane in 
helium; 50 ml min-1 total flow at atmospheric pressure. 
 
Figure 6.5 shows two spectra obtained during n-pentane isomerization in the presence of mesoporous SZ at 323 K and con-
ventional SZ at 298 K after ca. 300 min time on stream. An additional band was observed on the mesoporous SZ with a maxi-
mum at 310-330 nm. The band observed for the conventional SZ is centered around 330 nm and the band width and shape 
suggest that there is more than one type or isomer of monoallylic cations formed as discussed in Chapter 4. The differences in the 
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band positions that are observed for the two materials can either be explained by the formation of different structures or, through 
differences in the charge of the species. The shift towards lower wavelengths (Figures 6.4 and 6.5) of the absorption bands in the 
spectra of sulfated mesoporous zirconia with respect to those in the spectra of conventional SZ suggests an adsorbate with a 
lower positive charge, i.e., a species closer to an alkene than to an allylic cation. 
 














Wavelength / nm  
Figure 6.5: In situ UV-Vis spectra recorded during n-pentane isomerization in the presence of ordered mesoporous SZ 
and conventional SZ after ca. 300 min time on stream. Conditions: 0.6 g omSZ, 323 K, 1 kPa n-pentane or 1.28 g SZ, 298 K, 
0.25 kPa n-pentane in helium; 50 ml min-1 total flow at atmospheric pressure. 
 
6.4. Discussion 
6.4.1. Band assignments 
 
The UV-vis bands observed in the range 280-330, 360-380 and 430-470 nm have been attributed to π-π* transitions of 
mono-, di-, and tri-enylic carbenium ions[4]. Bodoardo et. al.[5] studied the interaction of ethene on some zeolites and clays and 
reported bands at 290, 320, 370, and 410 nm, which they attributed to cycloalkyl, monoenic allylic, dienic allylic, and trienic 
allylic carbocations, respectively. Yang et al.[6] investigated the formation of alkenyl carbenium ions by adsorption of cyclic pre-
cursors on zeolites. They identified on HY absorbing at 323 nm as dimerized cycloalkenyl carbenium ions due to rapid dimeriza-
tion of the cyclic olefins.  
In order to identify the absorption bands adsorption of cycloalkene compounds on the ordered mesoporous sulfated zirconia 
could be a useful experiment.  
6.4.1.1. Adsorption of methylcyclopentene on mesoporous SZ 
 
Vapor of 1-methylcyclopentene (MCP) was adsorbed on mesoporous SZ by passing 10 ml/min of He gas through 1-
methylcyclopentene liquid for 5 seconds at room temperature. Figure 6.6 shows UV-vis spectra of the adsorption of cycloalkene 
on mesoporous SZ. 
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Figure 6.6: UV–vis diffuse reflectance spectra recorded after adsorption of 1-methylcyclopentene on omSZ. 
 
Two bands were observed at 280 and 333 nm. The first band can be assigned to methylcyclopentyl carbenium ions (1-
methylcyclopent-2-en-1-ium) and the second band to dimerized cycloalkenyl carbenium ions (2-(1’-methylcyclopentane)-1- me-




at 280 nm 
+
at 333 nm 
 
Scheme 6.1: Structures of 1-methylcyclopentyl carbenium ion and its dimerized form.   
 
Yang et al.[6] detected two bands at 323 nm and 400 nm when they adsorbed the same precursor (1-methylcyclopentene) on 
HY catalyst. The band at 323 nm could be the same as the one that we have detected at 333 nm. They assigned the band at 400 
nm to dimerized conjugated cyclopentyl carbenium ions with one double bond in each ring (2-(2’-methylcyclopentene)-1- me-
thylcyclopent-2-en-1-ium). 
It seems that the mesoporous catalyst is less active than the HY catalyst, because the major detectable compound from the 
adsorption of 1-methylcyclopentene on the mesoporous catalyst was the cyclopentyl carbenium ion (band at 285 nm) and not the 
dimerized form, whereas the dimerized cyclopentyl carbenium ions (bands 323 nm and 400 nm) were the major products on the 
HY catalyst. 
Back to the UV-vis results of the reaction of n-butane and n-pentane over the mesoporous sample: the band at 285 nm, 
which was observed in both reactions, is attributed to a cyclopentyl cation and the second band at 323 nm, which was observed 
only in n-pentane reaction, is attributed to the dicyclopentyl cation.  
 
6.4.2. Comparison between mesoporous SZ and conventional SZ during n-butane and n-pentane reaction. 
 
The band position and the temporal evolution of its intensity are different for ordered mesoporous SZ and conventional SZ 
as are the activity vs. time on stream profiles. In the case of n-butane reaction over mesoporous SZ and conventional SZ it can be 
seen that at 378 K, the conventional SZ reaches higher maximum rate of isobutane formation[7] than the mesoporous material at 
423 K, i.e., ca. 550 µmol h-1 gcat-1 at 48 min time on stream. The isomerization rate of the conventional SZ drops within 200 min 
to a “steady state” at a much lower level (ca. 65 µmol h-1 gcat-1 isomerization rate) while it declines very slowly in the case of the 
mesoporous material (Figure 6.1), being about 6 times higher than that of the conventional SZ after 1000 min on stream. Fur-
thermore, the isobutane selectivity of the conventional SZ is lower than that of the mesoporous SZ: it never reaches 95%. In situ 
UV-vis spectra of the conventional SZ show an absorption band at 310 nm developing during the deactivation procedure (Figure 
6.7), which can be attributed to allylic carbocations[8,9]. The intensity of the band reaches its maximum at a time when the catalyst 
has already passed through its maximum activity, and remains unchanged during the “steady state”. 
n-Butane and n-Pentane Isomerization over Sulfated Zirconia Catalysts  Investigated by In Situ UV-vis-near-IR Diffuse Reflectance Spectroscopy, Rafat Ahmad, Berlin 2003   
 
 
Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 
56










































Figure 6.7:  Rates of formation of isobutane (squares) and band area at 310 nm (circles, right axis) vs. time on stream. 
Conditions: 0.68 g omSZ and 358 K (open  symbols) or 1.27 g SZ and 378 K (solid symbols); 5 kPa n-butane in helium; 50 
ml min-1 total flow at atmospheric pressure. 
  
Although the same reaction pathways occur, the nature of the surface species formed on the two materials is different, dem-
onstrating that indeed the nature of the surface must be influenced by the “support”, i.e., the crystalline tetragonal zirconia bulk 
or the wall structure of the mesoporous material. The interpretation of the evolution of these bands with the reaction profiles is 
less straightforward. For the mesoporous material, it appears that the band grows more or less linearly from the beginning, con-
comitant with a slow deactivation. For the conventional zirconia, it appears that the formation of a surface species becomes only 
significant at high conversions, which also means higher selectivity towards the side products. The formation of the species ab-
sorbing at 310 nm may thus be a result of secondary reactions that only become significant at a certain product molecule cover-
age. These observations are consistent with the presence of a group of highly active sites on the conventional tetragonal SZ, 
which, however, lead to rapid formation of an unsaturated surface species. 
In the case of n-pentane reaction over mesoporous SZ and conventional SZ it can be seen that the nature of the surface spe-
cies on the two materials is different. On the surface of the mesoporous material, at least two different species are formed which 
absorb at ca. 285 and at 310-330 nm. The band observed for the conventional SZ is centered around 330 nm. A definite assign-
ment of these bands is not possible; the species can only be classified as different types of cyclopentyl cations, polycyclopentyl 
cations, and linear monoenic allylic cations at 285, 310-330, and 330 nm respectively. 
6.4.3. Deactivation 
− The rate of deactivation of ordered mesoporous SZ differs from reactant to reactant. As discussed above, the rate of cata-
lyst deactivation in presence of n-pentane is higher than in presence of n-butane. This difference in rates can be explained 
as follows: 
− This type of catalyst has the ability to form a cyclic deposit rather than a linear.  
− n-Pentane is a suitable precursor to form stable cyclic compounds as carbon deposit, n-butane is not. 
− The high selectivity to isobutane in n-pentane reaction origins from the bimolecular reaction pathway (dehydrogenation, 
alkylation, and disproportionation), while the high selectivity to isobutane in n-butane reaction origins from the monomo-
lecular reaction pathway. Therefore the probability to form dehydrogenated cycloalkanes is higher in the reaction of n-





More insight into the deactivation process of sulfated zirconia catalysts in alkane isomerization has been gained through a 
combined preparative and in situ spectroscopic approach. An ordered mesoporous sulfated zirconia of the MCM-41 structure was 
prepared and compared to conventional sulfated zirconia with a tetragonal zirconia bulk using in situ UV-vis spectroscopy.  
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Different surface species were formed on the two different catalysts during n-butane reaction, they were characterized by 
bands at 285 (mesoporous SZ) and 310 nm (conventional SZ). The band at 310 nm is attributed to allylic cations. At low tem-
peratures (≤453 K) the mesoporous SZ deactivated only slightly over 1000 min. Surface species formed during n-pentane reac-
tion were characterized by bands at 285 + 320 nm (mesoporous) and 330 nm (conventional). Both catalysts deactivated rapidly 
(298-353 K). Under identical conditions, the conventional SZ reaches always a higher maximum conversion; the relation be-
tween conversion and rate of deactivation remains to be revealed. In situ UV-Vis spectra clearly show that the underlying struc-
ture – wall of the MCM-type material or tetragonal zirconia bulk – influences the sulfate configuration and the nature of 
carbonaceous deposits. 
In principle both the monomolecular and bimolecular mechanisms, can take place in the presence of n-alkane on the or-
dered mesoporous SZ (has no bulk), which means that the crystalline phase of zirconia has a minor role on the catalytic activity 
for n-alkane isomerization reactions.  
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The catalytic properties of SZ were found to be influenced by a variety of parameters, such as the phase composition of 
crystalline ZrO2, sulfur contents, surface area, and addition of promoters. Another three factors affecting the SZ properties and its 
catalytic activity were tested in our group. The first factor is the calcination conditions; it was found that during the heating-up 
period in the calcination a rapid overheating (‘glow’) of the sample bed occurs. This phenomenon was reported to influence the 
catalytic activity for n-butane isomerization significantly when the batch size of the calcined sample changes[1]. The second factor 
is the aging effect; SZ was found to alter with time, therefore all the previous results were produced from fresh samples. The third 
factor is the activation period; in general before the reaction starts the catalyst is activated by heating at high temperature in vac-
uum or in presence of an inert, reducing, or oxidizing gas. The catalytic activity of SZ was influenced by the period of activa-
tion[2]. In order to check the effects of the previous factors on the surface properties of SZ, microcalorimetry have been chosen as 
an additional technique. Microcalorimetry is known as a technique to measure the released heat during the adsorption of probe 
molecules onto the sample. Microcalorimetry has been employed on SZ to characterize the number and the strength of acidic 
sites by using NH3 and pyridine as probes[3-4,5,6]. However, the results are hardly feasible to be correlated with the catalytic data 
due to the fact, that in comparison with the alkane reactants, these probe molecules are too strong bases.  
In the case of n-alkane isomerization, the desorption of products is an essential step of the overall mechanism. In this part of 
work, isobutane, which is the main product from the mono- and bimolecular mechanism in n-butane isomerization and from the 
bimolecular mechanism of n-pentane isomerization, was chosen as a probe molecule in the microcalorimetry measurements. The 
influence of the previously mentioned three factors was investigated in catalytic and microcalorimetric experiments.   
  
7.2. Experimental 
7.2.1. Microcalorimetry measurements 
An MS70 Calvet calorimeter (SETARAM) has been combined with a house-designed high vacuum system, which enables 
dosage of probe molecules in steps as small as 0.02 µmol. The instrumentation allows measurements of the adsorption isotherm 
and the differential heats of adsorption, and gives the possibility to elucidate the distribution of adsorption sites along the range of 
adsorption heats[7-8,9,].  
The samples were slightly pressed and cut into small pellets, which were sieved to a size between 0.40 and 0.60 mm diame-
ter. Pellets were necessary because powders were difficult to work with in the ultrahigh vacuum (UHV) conditions. Activation 
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was conducted in the calorimetric cell connected to a turbomolecular-pump (Balzers) separate to that of the microcalorimetric 
setup. Activation was performed for 1.5 h at 723 K. The final pressure in the degassed cell was 10-7 Pa. After that the cell was 
cooled down to 313 K, and then placed inside the calorimeter, and connected to the microcalorimetric gas-adsorption system. 
Isobutane was dosed stepwise. The dosed amount, the equilibrium pressure, and the differential heat at each dosing step were 
recorded.   
7.2.2. Catalytic reactions 
Reaction of n-butane (5.0 kPa) was carried out over SZ in the microreactor (see Figure 2.1) at 378 K for all experiments. 
The effect of the calcined amount (batch size) of SZ on the catalytic activity was tested by carrying out the reaction over SZ sam-
ples from 10 g and 20 g batch size. The effect of sample aging was tested by carrying out the reaction over a fresh sample (one 
day after the calcination) and an aged sample (60 days after calcination). The effect of the activation period was tested by carry-
ing out the reaction over short-time (1.5 h) and long-time (24 h) activated samples. The catalyst weight was between 1.27 and 
1.28 g for all experiments. Yield of isobutane is defined as in Chapter 4.    
 
7.3. Results and discussion 
7.3.1. Calcination amount effect 
The reaction of n-butane over SZ at 378 K has been discussed in Chapter 4. Isobutane production showed an induction pe-
riod until it reached a maximum, afterwards the conversion to isobutane declined steadily. Figure 7.1 shows the yield of isobu-
tane from reaction of 5.0 kPa n-butane at 378 K over SZ calcined in batches of 10 g and 20 g as a function of time on stream. A 
shorter induction period was observed for the sample calcined in a 10 g batch (43 min) than for the sample calcined in a 20 g 
batch (59 min). The maximum yield of isobutane for the 10 g batch sample was 9.7%. For the 20 g batch the real maximum yield 
of isobutane could not be determined due to lacking time resolution in the gas phase analysis. Both samples exhibit the same 
activity in the steady state (5h); the yield of isobutane was around 1.1%.     


















Time on stream / min
 10 g, fresh
 20 g, fresh
 
 
Figure 7.1:  Reaction of n-butane over SZ calcined 
in a 10 g batch or a 20 g batch at 378 K, yield of products 
vs. time on stream . Conditions: 1.27 g SZ; 5 kPa n-
butane in helium; 50 ml min-1 total flow at atmospheric 
pressure. 
 
Figure 7.2a shows the isobutane adsorption isotherms at 313 K of SZ samples calcined in 10 g as well as 20 g batches. Both 
samples exhibit almost the same surface coverage, at an isobutane pressure of 4 hPa the amount of isobutane sorbed was around 
0.038 mmol g-1. The differential heats of isobutane adsorption at 313 K and an isobutane coverage > 2.5 µmol g-1 show that about 
55 kJ mol-1 were released from the interaction of isobutane and surface sites for both batches of calcined SZ. At an isobutane 
coverage range < 2.5 µmol g-1, the average of the maximum differential heat released from isobutane adsorption was ca. 66 kJ 
mol-1 for SZ calcined in 20 g batch and  ca. 55 kJ mol-1 for 10 g batch. The differential heat of isobutane adsorption at 313 K on  
SZ calcined in 10 and 20 g batches as a function of amount of isobutane sorbed is shown in Figure 7.2b.  
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Figure 7.2: Adsorption of isobutane on SZ calcined in 10 and 20 g batches at 313 K, a) adsorbate coverage vs. isobu-
tane pressure, b) differential heat of isobutane adsorption vs. adsorbate coverage.  
 
It can be noted, that increasing the calcination batch size did not influence the quantity of the adsorption sites, but it had an 
influence on the quality of a few sites, i.e. < 2.5 µmol g-1. At very low isobutane pressure, isobutane molecules interact with the 
most active site. The heat released from this interaction represents how much these sites are suitable for the desorption step in the 
n-butane and n-pentane isomerization reaction, i.e. a high released heat indicates a strong interaction between isobutane and the 
surface sites and thus a difficult desorption of isobutane. The sample calcined in a 20 g batch exhibits a longer induction period 
and higher differential heats at an isobutane coverage < 0.25 µmol g-1 than the sample calcined in a 10 g batch. This indicates: (i) 
both samples have the same number of sites, (ii) there should be a few sites, < 0.25 µmol g-1 different in both samples (iii) the 
major sites exhibit ca. 55 kJ mol-1 from isobutane adsorption.      
7.3.2. Aging effect 
Reaction of n-butane was carried out over freshly calcined and 60 days old SZ at 378 K. A shorter induction period was ob-
served for the fresh sample (43 min) than for the aged sample (90 min). The maximum yield of isobutane over the fresh sample 
was 9.7% while the maximum yield of isobutane dropped to 6% over of the aged. At steady state (5h), the yield of isobutane was 
around 1.1% for the fresh sample while it was around 0.8% for the aged sample. The yield of isobutane from reaction of 5.0 kPa 
n-butane at 378 K over fresh and aged SZ as a function of time on stream is shown in Figure 7.3. 

























Figure 7.3:  Reaction of n-butane over fresh and aged 
SZ at 378 K, yield of products vs. time on stream. Condi-
tions: 1.27 g SZ; 5 kPa n-butane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
 
 
Figure 7.4a shows the isobutane adsorption isotherms at 313 K of fresh and aged calcined SZ at 313 K. Both samples ex-
hibit almost the same isobutane adsorption capacity, at an isobutane pressure of 4 hPa the amount of isobutane sorbed was around 
0.038 mmol g-1. The differential heats of isobutane adsorption at 313 K and an isobutane coverage > 2.5 µmol g-1 show that about 
55 kJ mol-1 were released from the interaction of isobutane and surface sites for fresh and aged calcined SZ. A significant differ-
ence in the released heat at an isobutane coverage range < 2.5 µmol g-1 was observed, the maximum differential heat of isobutane 
adsorption reached to ca. 104 kJ mol-1 for the aged sample while it was ca. 58 kJ mol-1 for the fresh sample at the same surface 
coverage (0.7 µmol g-1). The differential heat of isobutane adsorption at 313 K on  fresh and aged calcined SZ as a function of 
amount of isobutane sorbed is shown in Figure 7.4b. 
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Figure 7.4: Adsorption of isobutane over fresh and aged calcined SZ at 313 K, a) adsorbate coverage vs. isobutane 
pressure, b) differential heat of isobutane adsorption vs. adsorbate coverage. 
 
Catalytic and microcalorimetry data show that there are a few sites, less than 2.5 µmol g-1, that are responsible for the 
longer induction period observed for the aged sample in comparison to the fresh sample.  Aging of the sample showed a more 
significant effect than increasing the calcination amount. The maximum heat of isobutane adsorption reached 104 kJ mol-1 for the 
aged sample and 71 kJ mol-1 for the sample calcined in a 20 g batch. Consistent with that, the induction period took longer time 
(90 min) for the aged sample than for the sample calcined in a 20 g batch (59 min). Following the assumption in section 7.3.2. 
and the discussion in Chapter 4, the few sites (< 2.5 µmol g-1) could be responsible for the bimolecular mechanism in n-butane 
and n-pentane isomerization and the majority of site could be responsible for the monomolecular mechanism.     
7.3.3. Activation period effect 
Before the reaction of n-butane was carried out over SZ at 378 K, SZ was activated in 30 ml min-1 O2 for 1.5 h (short-time) 
and 24 h (long-time) at 723 K. Both treatments produce the same induction period of 43 min, but a dramatic change in the maxi-
mum yield of isobutane production was observed. The maximum yield of isobutane was 9.7% for the short-time activated sample 
while it was around 3.7% for the long-time activated sample. The isobutane yield for the short-time activated sample (1.1%) was 
higher than for long-time activated sample (0.6%) in the steady state. The yield of isobutane from reaction of 5.0 kPa n-butane 
over short-time and long-time activated SZ as a function of time on stream at 378 K is shown in Figure 7.5. 
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 24 h activation
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Figure 7.5:  Reaction of n-butane over short- 
and long-time activated SZ at 378 K, yield of isobu-
tane vs. time on stream . Conditions: 1.25 g SZ; 5 kPa 





Figure 7.6a shows the isobutane adsorption isotherms at 313 K of short-time and long-time activated SZ. Identical surface 
coverage for both samples was observed. The differential heats of isobutane adsorption at 313 K and an isobutane coverage > 2.5 
µmol g-1 show that about 55 kJ mol-1 were released from the interaction of isobutane and surface sites for short-time and long-
time activated SZ. At an isobutane coverage range < 2.5 µmol g-1, a higher differential heat was observed for the long-time than 
for the short-time activated sample. The initial differential heat values were 61 and 40 kJ mol-1, then increased to their maxima at 
74 and 64 kJ mol-1 for the long-time and the short-time activated sample, respectively. The differential heat of isobutane adsorp-
tion at 313 K on short-time and long-time activated SZ as a function of amount of isobutane sorbed is shown in Figure 7.6b. 
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Figure 7.6: Adsorption of isobutane over 1.5 and 24 h activated SZ at 313 K, a) adsorbate coverage vs. isobutane pres-
sure, b) differential heat of isobutane adsorption vs. adsorbate coverage. 
 
SZ was shown to be sensitive to the duration of activation. Again a few sites, i.e. < 2.5 µmol g-1 are observed to be different 
in the short-time and long-time activated samples. These few sites were able to decrease the maximum conversion to isobutane 
from 9.7 to 3.7%. Exposing SZ to O2 for a long time could (i) order the SZ surface (ii) decrease the number of oxygen vacancies. 
It seems that both factors have a negative influence on the short-term activity (highly active, bimolecular mechanism). The short-
term activity can be produced here by the few sites found at coverages < 2.5 µmol g-1, which were sensitive to various parameters 
as was discussed previously. Vera et al.[10] reported that the prereduction of a zirconia sample with H2 increases the catalytic ac-
tivity of the SZ catalyst for n-butane isomerization. The authors relate that to the removal of lattice oxygen and the creation of 
lattice defects.    
 
7.4. Conclusion 
SZ was pretreated in different ways before n-butane isomerization was carried out. The properties of the samples were 
tested by adsorbing isobutane on the samples in a microcalorimeter. SZ was found to be influenced by the calcined amount, ag-
ing, and activation conditions. Calcination with a larger batch size and aging led to samples showing a longer induction period. 
The aged sample and the long-time activated sample showed lower conversion to isobutane than the short-time activated sample. 
No effect from the three factors was observed on the isobutane adsorption capacity. At the beginning of isobutane adsorption, at 
coverages < 2.5 µmol g-1, the released heat for the sample calcined in a larger batch size, for the aged sample, and for the long-
time activated sample was higher than for the sample calcined in a small batch size, for the fresh sample, and for the short-time 
activated sample. At isobutane coverages > 2.5 µmol g-1, the released heat was equivalent in all samples, i.e. ca. 55 kJ mol-1.    
Correlation between the catalytic results and microcalorimetic measurements can be as follows: (i) only a fraction of sites, < 
2.5 µmol g-1, are sensitive to the pretreatment conditions while the rest show a high stability (ii) the few sites are responsible for 
the short-term activity, which follows the bimolecular mechanism (high activity) (iii) the majority of sites are responsible for the 
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8. Reaction mechanism and catalyst model 
The investigation of n-butane and n-pentane isomerization on sulfated zirconia and iron promoted sulfated zirconia by in 
situ UV-vis-near-IR spectroscopy and the study of the properties of the catalysts by microcalorimetry has revealed important 
information about the reaction mechanism, the nature of surface deposits, and the nature of surface sites. 
 
8.1. Reaction formalism 
In this part of the thesis, the reaction mechanism of n-butane and n-pentane will be summerized as observations and 
conclusions as shown in Table 8.1. Because the mechanism of n-butane and n-pentane isomerization changes with time on 
stream, the reaction mechanism will be written for each period of the reaction seperately. These reaction periods are indicated by 
four clock positions that show which time on stream is presented. The reaction mchanism is explained through the gas phase 
products and selectivity toward isobutane from n-butane reaction, as shown in Figure 8.1, or through the gas phase products and 
the band intensity of the carbon deposits from n-pentane reaction, as shown in Figure 8.2. 
 
 
Figure 8.1 Reaction of n-
butane, yield of isobutane and band 
area at 310 nm vs. time on stream 
Conditions: 1.25 g SZ; 358 K; 5 kPa 
n-butane in helium; 50 ml min-1 total 
flow at atmospheric pressure. 
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No. Observations Conclusions 
1. - Initial carbon loss was observed. 
- No immediate band formation in UV-vis. 
Reaction start out with the chemisorption of n-
alkane. 
2. -High selectivity toward isobutane in n-butane isom-
erization and toward isopentane in n-pentane isomerization. 
Reaction proceeds through the monomolecular 
mechanism in the induction period.  
+ +  
 
 
+ +  
 
3. -Unsaturated surface species observed by UV-vis 
spectroscopy. 
-Cn-1 and Cn+1 hydrocarbons are formed. 
As the conversion increases the reaction proceeds 
through the bimolecular mechanism. 

































Figure 8.2:  Reaction of n-pentane, 
yield of isopentane and isobutane and 
band area at 330 nm vs. time on 
stream. Conditions: 1.28 g SZ; 298 
K; 0.25 kPa n-pentane in helium; 50 
ml min-1 total flow at atmospheric
pressure. 
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4. -A significant increase in the intensity of unsaturated 
surface species (allylic cations, bands at 310 in n-butane 
reaction and 330 nm in n-pentane reaction. 
-the activity is already declining as these bands reach 
their highest intensity. 
Around the maximum conversion, the formation of 
unsaturated surface deposits (allylic cations) and the for-
mation of gas phase products through the bimolecular 
mechanism become competitive. 
+ + +










5. -No more unsaturated species formed. 
-Selectivity towards the isomerization products in-
creases. 
After the deactivation period, the reaction proceeds 
through the monomolecular mechanism. 
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+ +
+ +  
6. -Fe-Z is able to dehydrogenate n-butane to bu-
tadiene and 1-butene. 




Table 8.1: Observations and conclusions in n-butane and n-pentane isomerization. 
 
Catalyst model 
A catalyst model was generated from the catalytic results of n-butane and n-pentane reaction over SZ, omSZ, Fe-Z, and Fe-
SZ and from the adsorption of isobutane on SZ followed by microcalorimetry (qdiff. representing the differential heats of isobu-
tane adsorption). 
Minor site Major site 
No. Observations Conclusions 
1. - n-Pentane isomerization exhibits two maxima of con-
version. 
- Selectivity toward isomerization products changes for 
different conversions.  
- Microcalorimetric measurements found two regions of 
differential heat for isobutane adsorption. 
At least two types of sites are present in SZ, 
the majority of sites characterized by qdiff. ~ 55 
µmol g-1 and the minority of sites characterized by 
qdiff. ~ 40-105 µmol g-1. 
 
2. -A number of sites remain active after carbon deposit 
formation 
-They produce isobutane with high selectivity. 
-qdiff. for isobutane adsorption almost constant for cover-
ages > 0.25 µmol g-1. 
The majority of sites (more stable) are respon-
sible for the long-term activity (monomolecular 
mechanism)   
3
. 
- Some sites are sensitive to carbon deposits and pre-
treatment conditions. 
- qdiff. for isobutane adsorption shows an oscillation at 
coverages < 0.25 µmol g-1. 
The minority of sites (less stable) are respon-
sible for the short-term activity (bimolecular 









- Reaction needs induction period to reach its maximum 
conversion. 




- Decrease of the band intensity in the LMCT region.  Fe3+ species are reduced. 
6
. 
- Negative band below 550 nm and positive band cen-
tered in the range 720-755 nm were observed. 
Fe2O3 is reduced Fe3O4. 
7
. 
- Long time activation produced a less active catalyst. Defects enhance the bimolecular mechanism. 
8
. 
- The types of gas phase products from n-pentane reac-
tion over omSZ and conventional SZ were the same.    
Crystalline phase of SZ does not play an im-
portant role in reaction mechanism.  
9
. 
- After deactivation, the selectivity to isobutane in the re-
action of n-butane and to isopentane in the reaction of n-
pentane increased. 
Carbon deposits block the highly active sites 
(short-term activity). 
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 Fe3O4 Fe2+Fe3+ Fe2O3 
before deactivation after deactivation 
Carbon deposits
Table 8.2: Observations and conclusions in SZ and Fe-SZ catalyst. 
 
The following summary of the reaction mechanism and the catalyst model evolves from our results: the reactant adsorbs on 
the catalyst and then the isomerization reaction proceeds through the monomolecular mechanism over the majority of sites. The 
majority of sites are stable and responsible for the monomolecular mechanism. Afterwards a fraction of sites (less than 2.5 mol 
g-1) gain activity; this activity is induced during the reaction. The bimolecular mechanism takes place over these sites. At high 
conversion, the catalyst starts to deactivate due to the blockage of the most active sites by unsaturated surface deposits. Gas phase 
products formation and surface deposit formation are cometitive reaction. At low reaction temperature, there is competition be-
tween the alkylation step and a formal hydride abstraction to give allylic deposits (carbon deposits). At high reaction temperature, 
there is competition between cleavage and dehydrogenation to give allylic cations (carbon deposits).  After the decline of the 
catalytic activity, the monomolecular mechanism becomes the predominant mechanism. 
The function of iron is to facilitate the bimolecular mechanism through (i) dehydrogenation of the reactant and (ii) increas-
ing the number of sites of high activity. The function of iron is diminished with time on stream due to reduction and carbon de-
posits.  
 
 
